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Preface 



Each of the first two editions of The Prokaryotes 
took a bold step. The first edition, published in 
1981, set out to be an encyclopedic, synoptic 
account of the world of the prokaryotes — a col- 
lection of monographic descriptions of the 
genera of bacteria. The Archaea had not yet been 
formalized as a group. For the second edition in 
1992, the editors made the decision to organize 
the chapters on the basis of the molecular phy- 
logeny championed by Carl Woese, which 
increasingly provided a rational, evolutionary 
basis for the taxonomy of the prokaryotes. In 
addition, the archaea had by then been recog- 
nized as a phylogenetically separate and distin- 
guishable group of the prokaryotes. The two 
volumes of the first edition had by then 
expanded to four. The third edition was arguably 
the boldest step of all. We decided that the mate- 
rial would only be presented electronically. The 
advantages were obvious and persuasive. There 
would be essentially unlimited space. There 
would be no restrictions on the use of color illus- 
trations. Film and animated descriptions could be 
made available. The text would be hyperlinked 
to external sources. Publication of chapters 
would be seriati — the edition would no longer 
have to delay publication until the last tardy 
author had submitted his or her chapter. Updates 
and modifications could be made continuously. 
And, most attractively, a library could place its 
subscribed copy on its server and make it avail- 
able easily and cheaply to all in its community. 
One hundred and seventy chapters have thus far 
been presented in 16 releases over a six-year 
period. The virtues and advantages of the online 
edition have been borne out. But we failed to 
predict the affection that many have for holding 
a bound, print version of a book in their hands. 
Thus, this print version of the third edition shall 
accompany the online version. 

We are now four years into the 21st century. 
Indulge us then while we comment on the chal- 
lenges, problems and opportunities for microbi- 
ology that confront us. 



Moselio Schaechter has referred to the present 
era of microbiology as its third golden age — the 
era of “integrative microbiology.” Essentially all 
microbiologists now speak a common language. 
So that the boundaries that previously separated 
subdisciplines from each other have faded: phys- 
iology has become indistinguishable from patho- 
genesis; ecologists and molecular geneticists 
speak to each other; biochemistry is spoken by 
all; and — mirabile dictu! — molecular biologists 
are collaborating with taxonomists. 

But before these molecular dissections of 
complex processes can be effective there must be 
a clear view of the organism being studied. And 
it is our goal that these chapters in The Prokary- 
otes provide that opportunity. 

There is also yet a larger issue. Microbiology 
is now confronted with the need to understand 
increasingly complex processes. And the modus 
operand! that has served us so successfully for 
150 years — that of the pure culture studied under 
standard laboratory conditions — is inadequate. 
We are now challenged to solve problems of 
multimembered populations interacting with 
each other and with their environment under 
constantly variable conditions. Carl Woese has 
pointed out a useful and important distinction 
between empirical, methodological reductionism 
and fundamentalist reductionism. The former 
has served us well; the latter stands in the way of 
our further understanding of complex, interact- 
ing systems. But no matter what kind of synop- 
tic systems analysis emerges as our way of 
understanding host-parasite relations, ecology, 
or multicellular behavior, the understanding of 
the organism as such is sine qua non. And in that 
context, we are pleased to present to you the 
third edition of The Prokaryotes. 

Martin Dworkin 
Editor-in-Chief 



Foreword 



The purpose of this brief foreword is unchanged 
from the first edition; it is simply to make you, 
the reader, hungry for the scientific feast that 
follows. These four volumes on the prokaryotes 
offer an expanded scientific menu that displays 
the biochemical depth and remarkable physio- 
logical and morphological diversity of prokary- 
ote life. The size of the volumes might initially 
discourage the unprepared mind from being 
attracted to the study of prokaryote life, for this 
landmark assemblage thoroughly documents the 
wealth of present knowledge. But in confronting 
the reader with the state of the art, the Hand- 
book also defines where more work needs to be 
done on well-studied bacteria as well as on 
unusual or poorly studied organisms. 

This edition of The Prokaryotes recognizes 
the almost unbelievable impact that the work of 
Carl Woese has had in defining a phylogenetic 
basis for the microbial world. The concept that 
the ribosome is a highly conserved structure in 
all cells and that its nucleic acid components 
may serve as a convenient reference point for 
relating all living things is now generally 
accepted. At last, the phytogeny of prokaryotes 
has a scientific basis, and this is the first serious 
attempt to present a comprehensive treatise on 
prokaryotes along recently defined phylogenetic 
lines. Although evidence is incomplete for many 
microbial groups, these volumes make a state- 
ment that clearly illuminates the path to follow. 

There are basically two ways of doing research 
with microbes. A classical approach is first to 
define the phenomenon to be studied and then 
to select the organism accordingly. Another way 
is to choose a specific organism and go where it 
leads. The pursuit of an unusual microbe brings 
out the latent hunter in all of us. The intellectual 
challenges of the chase frequently test our inge- 
nuity to the limit. Sometimes the quarry repeat- 
edly escapes, but the final capture is indeed a 
wonderful experience. For many of us, these 
simple rewards are sufficiently gratifying so that 
we have chosen to spend our scientific lives 
studying these unusual creatures. In these 
endeavors many of the strategies and tools as 



well as much of the philosophy may be traced to 
the Delft School, passed on to us by our teach- 
ers, Martinus Beijerinck, A. J. Kluyver, and C. B. 
van Niel, and in turn passed on by us to our 
students. 

In this school, the principles of the selective, 
enrichment culture technique have been devel- 
oped and diversified; they have been a major 
force in designing and applying new principles 
for the capture and isolation of microbes from 
nature. For me, the “organism approach” has 
provided rewarding adventures. The organism 
continually challenges and literally drags the 
investigator into new areas where unfamiliar 
tools may be needed. I believe that organism- 
oriented research is an important alternative to 
problem-oriented research, for new concepts of 
the future very likely lie in a study of the breadth 
of microbial life. The physiology, biochemistry, 
and ecology of the microbe remain the most 
powerful attractions. Studies based on classical 
methods as well as modern genetic techniques 
will result in new insights and concepts. 

To some readers, this edition of the The 
Prokaryotes may indicate that the field is now 
mature, that from here on it is a matter of filling 
in details. I suspect that this is not the case. 
Perhaps we have assumed prematurely that we 
fully understand microbial life. Van Niel pointed 
out to his students that — after a lifetime of 
study — it was a very humbling experience to 
view in the microscope a sample of microbes 
from nature and recognize only a few. Recent 
evidence suggests that microbes have been 
evolving for nearly 4 billion years. Most certainly 
those microbes now domesticated and kept in 
captivity in culture collections represent only a 
minor portion of the species that have evolved in 
this time span. Sometimes we must remind our- 
selves that evolution is actively taking place at 
the present moment. That the eukaryote cell 
evolved as a chimera of certain prokaryote parts 
is a generally accepted concept today. Higher as 
well as lower eukaryotes evolved in contact with 
prokaryotes, and evidence surrounds us of the 
complex interactions between eukaryotes and 
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prokaryotes as well as among prokaryotes. We 
have so far only scratched the surface of these 
biochemical interrelationships. Perhaps the 
legume nodule is a pertinent example of nature 
caught in the act of evolving the “nitrosome,” 
a unique nitrogen-fixing organelle. Study of 
prokaryotes is proceeding at such a fast pace that 
major advances are occurring yearly. The 
increase of this edition to four volumes docu- 
ments the exciting pace of discoveries. 

To prepare a treatise such as The Prokaryotes 
requires dedicated editors and authors; the task 
has been enormous. I predict that the scientific 
community of microbiologists will again show its 
appreciation through use of these volumes — 
such that the pages will become “dog-eared” and 
worn as students seek basic information for the 



hunt. These volumes belong in the laboratory, not 
in the library. I believe that a most effective way 
to introduce students to microbiology is for them 
to isolate microbes from nature, i.e., from their 
habitats in soil, water, clinical specimens, or 
plants. The Prokaryotes enormously simplifies 
this process and should encourage the construc- 
tion of courses that contain a wide spectrum of 
diverse topics. For the student as well as the 
advanced investigator these volumes should 
generate excitement. 

Happy hunting! 



Ralph S. Wolfe 
Department of Microbiology 
University of Illinois at Urh ana- Champaign 
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CHAPTER 3.4.1 

The Genus Pelobacter 

BERNHARD SCHINK 



The genus Pelobacter was proposed as a taxonomic entity 
consisting of strictly anaerobic, Gram-negative, nonspore- 
forming, rod-shaped bacteria that use only a very limited 
number of substrates. The members of the genus are all 
unable to ferment sugars and therefore cannot be grouped 
with any other genus in the family Bacteroidaceae (Krieg and 
Holt, 1984). The genus comprises five different species, P 
acidigallici (Schink and Pfennig, 1982), P venetianus (Schink 
and Stieb, 1983), P carbinolicus (Schink, 1984), P propioni- 
cus (Schink, 1984), and P acetylenicus (Schink, 1985), which 
all are based on 3-5 described strains. 

Comparisons of the various Pelobacter species by DNA- 
DNA hybridization experiments revealed that the genus is 
rather inhomogenous; therefore, a reorganization may per- 
haps be necessary in the future (J. P. Touzel and B. Schink, 
unpublished observations). Whereas the species P vene- 
tianus, P carbinolicus, and P acetylenicus form a homoge- 
nous cluster, P acidigallici and P propionicus appear to be 
only distantly related to the others. These findings are con- 
sistent to some extent with the fermentation patterns of these 
species (see below). Comparison of three Pelobacter species 
with other anaerobes on the basis of 16S rRNA structure 
analysis supports this view. Whereas P venetianus and P 
carbinolicus exhibit a rather high similarity, with an Sab of 
0.70, P acidigallici is related to both at an Sab of only 0.53 
(Stackebrandt et al., 1989). It is interesting to note that these 
three Pelobacter strains did not show any resemblance to 
other fermenting Gram-negative strict anaerobes; instead, 
they appeared to be highly related to several strains of sulfur- 
reducing anaerobes, namely, Desulfuromonas succinoxidans , 
D. acetexigens, and D. acetoxidans, to which they are even 
more closely related than P. acidigallici is to the other two 
Pelobacter species. Since Pelobacter species and the obli- 
gately sulfur-respiring bacteria are quite diverse metaboli- 
cally and the latter are supposed to have derived directly 
from phototrophic ancestors, it has been suggested that the 
genus Pelobacter represents a group of fermenting bacteria 
that developed a fermentative metabolism as a “secondary” 
evolutionary event and that they are separate from the first 
fermentative bacteria (Stackebrandt et al., 1989). 



Habitat 

All Pelobacter strains have been isolated so far 
from marine or freshwater sediments. The name 
Pelobacter was based on this origin (Greek pelos 
meaning mud, sediment). Enrichments from 
sewage sludges led to similar isolates as well. 



This chapter was taken unchanged from the second edition. 



Viable counts using the characteristic substrates 
gallic acid, acetoin, polyethylene glycol, and 
acetylene showed that there were approximately 
100 cells/ml of each of the Pelobacter species in 
sediment and up to 2,500 cells/ml in sewage 
sludge. Since their substrate ranges are compa- 
rably small, their ecological niche in such sedi- 
ments can be understood rather well in most 
cases. P. acidigallici is restricted to the utilization 
of trihydroxybenzenoids, which are probably its 
only energy source in its natural habitat. P. vene- 
tianus, P carbinolicus, P propionicus, and P 
acetylenicus were enriched and isolated with 
polyethylene glycol, 2,3-butanediol, and acety- 
lene, respectively, but the ecological importance 
of these substrates in the respective environ- 
ments is questionable. Since all these species can 
also ferment ethanol, either in syntrophic coop- 
eration with hydrogen scavengers or in pure cul- 
ture, it appears more probable that degradation 
of this important fermentation intermediate is 
their predominant function in these environ- 
ments. P. carbinolicus has been identified as 
the dominant ethanol-degrading bacterium in 
digesting industrial sewage sludge (Dubourguier 
et al., 1986), and high numbers (10^-10^ cells/ml) 
of syntrophically ethanol-oxidizing anaerobes 
were detected also in other sewage sludges 
(Schink et al., 1985) and in freshwater creek sed- 
iments (Eichler and Schink, 1985). Pelobacter 
has to compete for ethanol with certain homo- 
acetogenic bacteria, e.g., Clostridium aceticum 
(Wieringa, 1940) or Acetobacterium carbinoli- 
cum (Eichler and Schink, 1984), which appear to 
be at least as successful in freshwater sediments 
(Schink et al., 1985), especially if the sediment is 
slightly acidic (Schink et al., 1985) or the temper- 
ature is low (Conrad et al., 1989). The ecological 
importance of ethanol fermentation to propi- 
onate by P propionicus has been elucidated by 
enumerations and by tracer experiments (Schink 
et al., 1985). These studies revealed that up to 
20% of the total ethanol turnover can go through 
propionate and that bacteria forming propionate 
from ethanol contribute significantly to the total 
ethanol-metabolizing microbial community. 

It has to be concluded that bacteria of the 
metabolic types represented by the various Pelo- 
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bacter species make up a significant part of the 
anaerobic microbial population in sediments and 
sewage sludge. No Pelobacter-like bacteria have 
so far been isolated from the rumen. The numer- 
ically predominant, syntrophically ethanol- 
oxidizing Pelobacter species represent new 
isolates of the metabolic type of the S-strain in 
the mixed culture “Methano bacillus omelianskir 
(Bryant et al., 1967). These Pelobocter species 
have become accessible to pure culture growth 
in our laboratory by the use of unusual substrates 
that all can be converted easily into acetalde- 
hyde, the key intermediate in the energy metab- 
olism of these bacteria (see next section). 

Isolation 

Growth Media 

All Pelobacter strains have been enriched and 
isolated in a carbonate-buffered, sulfide-reduced 
mineral medium that contained only one organic 
energy and carbon source. Since they grow with 
substrates that yield 2-carbon intermediates 
exclusively, they have to form pyruvate and sug- 
ars via reductive carboxylation of acetyl coen- 
zyme A and need carbon dioxide for this 
reaction. Use of a bicarbonate-buffered medium 
is therefore recommended for enrichment, isola- 
tion, and maintenance. Three different versions 
of this medium are described below for the iso- 
lation of Pelobacter from freshwater, estuarine, 
and marine sediment, respectively (after Widdel 
and Pfennig, 1981; Schink and Pfennig, 1982): 

Pelobacter Growth Media 

Dissolve in 1 liter of distilled water; 

Autoclave the complete mineral medium in a vessel 
equipped with 1) a filter inlet to allow flushing of the 
headspace with sterile oxygen-free gas; 2) screw-cap 
inlets for addition of thermally unstable additives after 
autoclaving; 3) a silicon tubing connection from the bot- 
tom of the vessel out to a dispensing tap (if possible with 
a protecting bell) for sterile dispensing of the medium (do 
not use latex tubing; it releases compounds which are 
highly toxic to many anaerobes); and 4) a stirring bar. 

After autoclaving, connect the vessel with the still-hot 
medium to a line of oxygen-free nitrogen/carbon dioxide 
mixture (90%: 10%) at low pressure (<100 mbar), flush 
the headspace and cool it under this atmosphere to room 
temperature, perhaps with the help of a cooling water 
bath. 

The mineral medium is amended with the following 
additions from stock solutions that have been sterilized 
separately (amounts/1 of medium): a) 30 ml of 1 M 
NaHCOs solution (autoclaved in a tightly closed screw- 
cap bottle with about 30% headspace; the bottle should 
be autoclaved inside another protective vessel, e.g., a 
polypropylene beaker, to avoid spills of carbonates if the 
bottle breaks in the autoclave); b) 2 ml of 0.5 M 
Na2S9 H20 solution (autoclaved separately under oxy- 
gen-free gas atmosphere as above); c) 1 ml of trace ele- 



ment solution, e.g., SL 10 (Widdel et al., 1983); d) 0.5 ml 
of 10-fold concentrated, filter-sterilized vitamin solution 
(Pfennig, 1978); and e) adequate amounts of sterile 1 M 
HCl or 1 M Na2 CO3 to adjust the pH to 7.1-7.3. 

The complete medium is dispensed into either screw- 
cap bottles or screw-cap tubes which are filled completely 
to the top, leaving a lentil-sized air bubble for pressure 
equilibration. Enrichment cultures usually produce gas 
in the first enrichment stages and are better cultivated 
in half-fllled serum bottles (50-100 ml volume) under 
a headspace of nitrogen: carbon dioxide mixture 
(90%:10%). 

This mineral medium is amended with the respective 
organic substrates for enrichment and cultivation of pure 
cultures. The vitamin mixture is not really needed by all 
strains. 

Selective Enrichment 

All enrichment cultures were set up in our labo- 
ratory at 27-30°C in 50-ml fluid cultures inocu- 
lated with about 5 ml of sediment or sludge. 
Smaller inocula may also lead to isolation of the 
same bacteria, but this has not been evaluated in 
our lab. P. acidigallici can be selectively enriched 
with either one of its growth substrates (see 
Table 1) at 5-10 mM concentration. For enrich- 
ment of P venetianus, either polyethylene glycol 
(mol wt 106-20,000; 0.1% w/v) or methoxyetha- 
nol (10 mM; Tanaka and Pfennig, 1988) is recom- 
mended. In this medium, 10 mM 2,3-butanediol 
enriches for P carbinolicus from marine sedi- 
ments and for P propionicus from freshwater 
sediments. P acetylenicus is successfully enriched 
with mineral medium under the above- 
mentioned nitrogen: carbon dioxide atmosphere 
containing 5-10% acetylene in addition. 

Isolation 

After 3-4 transfers in liquid medium, a homoge- 
neous microbial population should have become 
established in liquid enrichment cultures. Purifi- 
cation of Pelobacter species is most easily done 
by serial dilution in agar deep cultures (“agar 
shakes”; Pfennig, 1978). Roll tubes have not 
been used and are not necessary since these bac- 
teria neither consume nor produce insoluble gas- 
eous compounds. P. acetylenicus can be easily 
purified with 10 mM acetoin as substrate. Other 
procedures (streaking on agar plates in an anoxic 
glove box or on agar surfaces in flat agar bottles) 
have not been tried yet, but there is no reason 
why such methods would not be successful as 
well, if the solid media are incubated under a 
nitrogen/carbon dioxide atmosphere. 

Preservation 

Liquid cultures were maintained in our labora- 
tory in 50-ml bottles at 4°C for 4-12 weeks 
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Table 1. Properties of the five Pelobacter species. 





P acidigallici 


P venetianus 


P carbinolicus 


P acetylenicus 


P propionicus 


Width (|im) 


0.5-0.8 


0.5-1.0 


0.5-0.7 


0.6-0.8 


0.5-0.7 


Length (|im) 


1.5-3.5 


2.5 


1. 2-3.0 


1.5-4.0 


1. 2-6.0 


GC content (mol%) 
Substrate metabolized 


51.8 


52.2 


52.3 


57.1 


57.4 


Gallic acid 




- 


- 


- 


- 


Pyrogallol 






- 


- 


- 


Phloroglucinol 




- 


- 


- 


- 


Phloroglucinolcarboxylate 




- 


- 


- 


- 


Acetoin 


- 




-b 


-b 


-b 


2,3-Butanediol 


- 




-b 


-b 


-b 


Ethylene glycol 


- 




-b 


- 


- 


Polyethylene glycols 


- 




- 


- 


- 


Ethanol 


- 




-b^’ 


-b^’ 


-b 


n-Propanol 


- 


+b,c 


+b,c 


+b,c 


-b"" 


n-Butanol 


- 


+b,c 


+b,c 


+b,c 


-b"" 


1,2-Propanediol 


- 




- 


-b"" 


- 


Acetylene 


- 


- 


- 


-b 


- 


Lactate 


- 


- 


- 


- 


-b 


Pyruvate 




- 


- 


- 


-b 


Glycerol 


- 




- 


-b"" 


- 


Typical Products 


Acetate (CO 2 ) 


Acetate, ethanol 


Acetate, ethanol 


Acetate, ethanol 


Acetate, propionate 



""Growth is possible only at very low concentration (<1 mM) or in continuous culture. 

‘’Growth is possible only in the presence of a hydrogen-scavenging anaerobe, e.g., a methanogenic bacterium. 
""Growth is possible only in the presence of small amounts of acetate for cell carbon synthesis. 

Symbols; -i-, growth; no growth. 



between transfers. Longer storage intervals may 
be possible as well. Long-term preservation is 
easily accomplished by storage of dense cell 
suspensions in glass capillaries kept in liquid 
nitrogen. 

Identification 

Morphological and Cytological Properties 

Cells of all Pelobacter species are Gram- 
negative, short rods that do not form spores (Fig. 
1). The cell ends are usually rounded; however, 
R acetylenicus cells can be slightly pointed (Fig. 
le). The cell sizes vary from 0.5 to 1.0 pm in 
width and from 1.2 to 6.0 pm in length. More 
exact cell sizes of the different type strains are 
listed in Table 1. The temperature optima for 
growth are in the range of 28-35°C; the pH 
optima are 6.5-V.5. On the basis of the GC con- 
tent of the DNA, two clusters can be dehned; the 
one {P. acidigallici, P venetianus, P carbinolicus) 
has a GC value at 50-53 mol%, the other one (P 
acetylenicus, P propionicus) at 57-58 mol%. It 
should be noted that this clustering does not 
agree with the subgroupings based on DNA and 
RNA homologies (see “Introduction,” this chap- 
ter) or with physiological similarities. 

Cytochromes have been found only in P pro- 
pionicus. A b-typQ cytochrome was detected at a 
very low level (Schink et al., 1987), but there is 
no evidence that this cytochrome plays any role 



in ATP-generating electron transport (see 
below). 



Physiological Properties and Biochemistry 

Table 1 presents a listing of ah substrates used by 
the various Pelobacter species described so far. It 
is obvious from this table that Pelobacter acidi- 
gallici differs in its substrate spectrum from all 
other Pelobacter species. It utilizes only trihy- 
droxybenzenoids for growth, and it ferments 
them to acetate as sole fermentation product. 
With this, it resembles Eubacterium oxi- 
doreducens (Krumholz and Bryant, 1986) to some 
extent, but does not depend on formate as an 
external co-substrate for degradation of these 
compounds. Growth experiments with increased 
substrate concentrations have revealed that the 
pathway of gallic acid fermentation leads via 
pyrogallol and phloroglucinol (Samain et al., 
1986) and has nothing in common with the path- 
way of anaerobic benzoate degradation (Evans, 
1977). Obviously, three hydroxyl groups in alter- 
nating position at the ring polarize the Ti-electron 
system sufficiently to permit selective reduction 
to dihydrophloroglucinol and ring opening by a 
thiolytic or hydrolytic mechanism. The iso- 
merization of pyrogallol to phloroglucinol has 
recently been characterized as a unique transhy- 
droxylase reaction involving a tetrahydroxyben- 
zene as co-substrate (Brune and Schink, 1990). 
The third trihydroxybenzene isomer, hydroxyhy- 
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Fig. 1. Phase contrast photomicrographs of cells of Pelobacter species. Bar = 5 pm for all figures, (a) P. acidigallici; (b) P 
venetianus; (c) P carbinolicus; (d) P acetylenicus; (e) P propionicus. 



droquinone, is not metabolized by these bacteria, 
but it is fermented by other new anaerobic bac- 
teria, also via phloroglucinol (A. Brune, S. Schnell 
and B. Schink, unpublished observations). 

P. venetianus, R carbinolicus, and P. acetyleni- 
cus have been enriched and isolated with poly- 
ethylene glycol, 2,3-butanediol, or acetylene. 



respectively. They can all grow with acetoin, 
some also with ethylene glycol or ethanolamine. 
All these substrates are converted to acetalde- 
hyde, which is further dismutated to acetate and 
ethanol as final products. ATP is formed exclu- 
sively by substrate level phosphorylation via the 
acetate kinase reaction. The higher homologs of 
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ethylene glycol, 1,2-propanediol and 1,2- 
butanediol, are dismutated to propanol and pro- 
pionate or butanol and butyrate, respectively, 
provided that the medium contains some acetate 
(2-3 mM) for synthesis of cell material. Glycerol 
undergoes a similar dismutation to 3- 
hydroxypropionate and 1, 3-propanediol. It is 
interesting to note that glycerol fermentation 
also requires the presence of acetate and that this 
substrate cannot itself be assimilated. 

In the presence of hydrogen-scavenging 
anaerobes, e.g., homoacetogens or methanogens, 
Pelobacter oxidizes primary aliphatic alcohols to 
the corresponding acids; with propanol and 
butanol, acetate is again required for cell matter 
synthesis. This syntrophic oxidation of ethanol 
via “interspecies hydrogen transfer” was first 
observed with the S-strain isolated from the 
syntrophic mixed culture ‘'Methanobacillus ome- 
lianskir (Bryant et al., 1967), which was lost 
many years ago. Pelobacter strains are the only 
representatives of this type of metabolism that 
are available today in pure cultures. Pure and 
mixed culture experiments have been carried 
out recently to understand the energetics and 
kinetics of interspecies hydrogen transfer in 
model cultures of P. acetylenicus and hydrogen- 
scavenging homoacetogenic and methanogenic 
partners (Seitz et al., 1988; Seitz et al., in prepa- 
ration). 

The biochemistry of polyethylene glycol deg- 
radation is not yet understood, neither in P. vene- 
tianus nor in other polyethylene glycol- 
degrading anaerobes (Dwyer and Tiedje, 1986; 
Wagener and Schink, 1988). P. venetianus 
degrades all polymers from the dimer up to a 
molecular weight of 40,000. Growth experiments 
in batch and continuous culture have shown that 
ethylene glycol can also support growth if it is 
provided at limiting amounts and that acetalde- 
hyde is the first free intermediate in both poly- 
mer and monomer degradation (Strass and 
Schink, 1986). Perhaps the polymer is attacked 
by a diol dehydratase-like reaction that trans- 
forms the terminal ether linkage into an unstable 
half-acetal linkage yielding acetaldehyde as 
product. Unfortunately, the cleavage reaction is 
very difficult to demonstrate in cell-free extracts, 
and a B 12 compound of atypical structure 
appears to be involved (E. Schramm and B. 
Schink, unpublished observations). This cleavage 
reaction occurs inside the cells, and it is not clear 
how high-molecular-weight polyethylene glycols 
are able to cross the cytoplasmic membrane at 
sufficiently high transport rates. 

Anaerobic degradation of polyethylene gly- 
cols is of major ecological concern because many 
industrially produced nonionic surfactants con- 
tain polyethylene glycols as hydrophilic moieties 
that may be subject to anaerobic degradation in 



anoxic sediments and sludge (Wagener and 
Schink, 1987, 1988). 

P. carbinolicus is related to P. venetianus and 
has basically the same biochemistry and physiol- 
ogy. It degrades ethylene glycol rather than poly- 
ethylene glycols, and it was originally enriched 
and isolated with acetoin or 2,3-butanediol as 
substrate. 2,3-Butanediol is oxidized to acetoin, 
which undergoes oxidative cleavage to acetyl 
CoA and acetaldehyde by a dichlorophenol 
indophenol-dependent enzyme analogous to 
pyruvate dehydrogenase (Oppermann et al., 
1988). The physiological electron acceptor of this 
enzyme is not yet known. Acetaldehyde is either 
oxidized by a benzyl viologen-dependent 
enzyme to acetyl CoA or, depending on the elec- 
tron balance, reduced to ethanol. 

P. acetylenicus is the first strict anaerobe 
known to ferment an unsaturated hydrocarbon 
in pure culture. Again, the first intermediate of 
acetylene fermentation is acetaldehyde, which is 
further dismutated to acetate and ethanol. The 
enzyme that hydrates acetylene to acetaldehyde 
could not be demonstrated in a cell-free assay 
system; perhaps unusual cofactors are also 
involved in this reaction. A report on an 
acetylene-hydratase enzyme in cell-free extracts 
of an aerobic Rhodococcus species (deBont and 
Peck, 1980) could not be reproduced in our 
hands either. The function of such an acetylene- 
hydrating enzyme in an anoxic environment is 
hard to understand since acetylene is probably 
not an important substrate in such environments. 
Perhaps its main role is hydration of other pos- 
sibly toxic compounds, such as nitriles or cya- 
nides, but there is no experimental evidence so 
far for such activities. 

P. propionicus differs from the other Pelobacter 
species by producing propionate as one of its 
main fermentation products. Degradation of ace- 
toin, 2,3-butanediol, and ethanol probably fol- 
lows the same routes via acetaldehyde and acetyl 
CoA, as outlined above for the other species. The 
biochemistry of propionate formation from these 
C-2 compounds has been studied in detail (Schink 
et al., 1987). The key reaction is catalyzed by 
pyruvate synthase (pyruvate ferredoxin oxi- 
doreductase), which operates here in the opposite 
direction to that predicted by its chemical equi- 
librium. The equilibrium is shifted by the exer- 
gonic propionate-forming reaction chain via 
methylmalonyl CoA; this chain is not coupled to 
ATP-yielding electron transport phosphorylation 
in these bacteria. This reaction in P. propionicus 
and other bacteria with similar biochemical 
capacities (Stams et al., 1984; Samain et al., 1982) 
is probably responsible for the formation of C-3 
compounds from C-2 compounds in significant 
amounts in anoxic sediments and sludges (Gold- 
berg and Cooney, 1981; Schink et al., 1985). 
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Applications 

All Pelobacter strains discussed in this chapter 
may act as important syntrophic oxidants of pri- 
mary aliphatic alcohols in sediments and sludges, 
where they have been found to be predominant 
(Dubourgier et al, 1986). Of technological inter- 
est may be the capacity of R venetianus and sim- 
ilar isolates to degrade polyethylene glycols and 
to attack nonionic surfactants based on these 
compounds. These surfactants are of growing 
interest in the industrial manufacture of deter- 
gents, soaps, emulsifiers, etc. Aerobic degrada- 
tion of polyethylene glycol-containing surfactant 
wastes creates enormous problems of foam for- 
mation in conventional activated-sludge sewage 
treatment and in natural waters. Anaerobic deg- 
radation of most of these compounds to methane 
can easily be achieved in packed column reac- 
tors, in which P. venetianus -like anaerobes fer- 
ment the polyethylene glycol moieties to 
substrates for the methanogenic microbial com- 
munity (Wagener and Schink, 1987). 

P propionicus produces acetate and propi- 
onate from the substrates listed in Table 1. Pro- 
panol is fermented together with acetate 
exclusively to propionate. This fermentation may 
be of interest for biological production of propi- 
onate at high purity. 
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Introduction 

Bdellovibrio spp. are Gram negative, motile, and 
uniflagellated bacteria. What characterizes this 
bacterial genus as unique is its predatory behav- 
ior: Bdello vibrios attack other Gram negative 
cells, penetrate their periplasm, multiply in their 
cytoplasm, and finally burst their cell envelopes 
to start anew (Figure 1). Although many preda- 
tor bacteria may lyse other bacteria, and many 
“micropredators” have been described, these 
Bdellovibrio-\ikQ organisms can grow without 
bacterial prey and do not divide inside the peri- 
plasm (Varon and Shilo, 1978). 

Bdellovibrio research began with their seren- 
dipitous discovery by Stolp and Petzold (1962). 
The physiology, ecology, taxonomy, interactions 
with prey, and cell cycle of Bdellovibrio were 
established in the 1960’s and 70’s mainly by 
the groups of Shilo and Varon, Stolp and Starr, 
Rittenberg, Hespell, Diedrich, Ruby, Tudor, 
Thomashow, and more recently Williams. 

Bdellovibrios can be described as predators, or 
parasites, or symbionts (Starr, 1975). In this 
review, the terms predator-prey and parasite- 
host will be used interchangeably. 

Bdellovibrios are found in wet, aerobic envi- 
ronments. As described in other sections, their 
importance in shaping or infiuencing bacterial 
community dynamics and structure is still 
unknown. Similarly, the way these predators 
interact with potential prey, their survival mech- 
anisms, and their preferred habitats in natural 
settings or man-made biotops are poorly 
understood. 

Particularly fascinating is the two-phased cell 
cycle of bdellovibrios, which are dimorphic. 
During the “attack phase,” small cells (0.5 to 
1.5 pm long, 0.5 pm in diameter. Figure 2) swim 
at speeds up to one hundred body lengths sec“^ 
(Stolp, 1967) to find prey. Prey-encounter is 
apparently by random collision, as evidence 
of chemotaxis has not been detected. After 
encountering and attaching to a substrate cell, 
a predatory cell penetrates the periplasm, 
shedding its long-sheathed fiagellum in the pro- 
cess. The “growth phase” can then be initiated. 



The invaded bacterium usually rounds into the 
ensemble predator-prey, called a bdelloplast 
(Figure 3). Within this confined space Bdellov- 
ibrio engages in restricted development, turning 
the short cell into an unseptated filament at the 
expense of the host’s cytoplasm (Figure 4). 
After a lag phase of about 45 min, DNA begins 
to replicate within the bdelloplast and proceeds 
for a couple of hours along with cell growth, 
and then the filament divides by multiple fission 
into progeny attack cells, the number deter- 
mined by the size of the host. Progeny bursts 
from the ghost cell, ready for another attack 
cycle. Within the bdelloplast, the bdellovibrio 
cell is protected from photooxidation 
(Friedberg, 1977) and phage attack (Varon and 
Seijffers, 1975) and shows increased resistance 
to pollutants (Varon and Shilo, 1981). Host- 
independent mutants growing axenically can be 
isolated. The cell cycle can be extended to 
include the development of a cyst-like stage 
called a bdellocyst, which, however, has been 
seen in only two strains. 

Basic biological questions such as predator- 
prey interactions, host recognition, regulation of 
a simple developmental program, and cell-cell 
signaling can be addressed by using this two- 
membered model. We shall deal with each of 
these issues in the linked sections. 



Taxonomy 

The taxomony of Bdellovibrio is still fragmen- 
tary. Historically, microorganisms that have been 
assigned to the genus Bdellovibrio exhibit char- 
acteristic features: flagellum-driven high motility, 
attachment and penetration through the outer 
membrane of Gram-negative hosts, intra- 
periplasmic growth, cell multiplication at the 
expense of host cytoplasm, lysis of prey, and 
finally release of progeny. Their wide habitat and 
heterogeneity can be interpreted in terms of 
development of a common lifestyle by conver- 
gent evolution or increased heterogeneity by 
divergent evolution from a common very ancient 
ancestor (Varon and Shilo, 1978). 



CHAPTER 3.4.2 



The Genus Bdellovibrio 13 



/ 








Fig. 1. The life cycle of Bdellovibrio. 1. Attack-phase cells; 
2. Attachment to the prey’s outer membrane; 3. Penetration; 
4. Initiation of growth; 5. Intraperiplasmic growth; 6. Differ- 
entiation into attack cells and lysis of the prey envelope. 





Fig. 2. A Bdellovibrio cell in the attack phase. The flagellum 
is wrapped around the cell. Bar; 0.5 pm. 



The genus has been placed within the Proteo- 
bacteria (Ribosomal Database Project), myxo- 
bacteria and sulfate-reducing bacteria being 
their closest relatives. Based on G+C content, 
DNA/DNA (Table 1) and DNA/rRNA homol- 
ogy, and enzyme migration patterns, the genus 
was divided into three species: B. bacteriovorus, 
B. stolpii and B. starrii (Siedler et ah, 1972). 
Bdellovibrio strain W, one of the two bdellocyst- 
forming isolates (Hoeniger et al., 1972), and the 
marine isolates were left undefined. The ion 
requirements of these halophilic isolates have 
been described (Taylor et al., 1974; Marbach and 
Shilo, 1978). Based on the similarities in host 
ranges, Taylor et al. (1974) subdivided the 13 
analyzed isolates into three groups. Mole %G-hC 
of three isolates from one group was similar 
(38.5-38.8) and much lower than that of any of 
the terrestrial isolates, whereas G+C content of 



Fig. 3. An E. coli cell with a B. bacteriovorus 109J parasite 
in the intraperiplasmic space. The parasite at its entry pole is 
associated with the host cytoplasmic membrane (arrow), ps: 
periplasm, p: protoplasm. Bar: 0.2 pm. (From Abram et al., 
1974.) 




Fig. 4. Intraperiplasmic growth of B. bacteriovorus 109J in 
Spirillum serpens, p; protoplast, ps: periplasmic space, g: 
polymetaphosphate granules. Bar: 1 pm. (From Abram et al., 
1974.) 
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Table 1. Genetic characteristics of Bdellovibrio. 



% DNA/DNA relative reassociation 



Species 


(kbp) 


Mol% G+C 


109D 


100 


A3.12 


UKi2 


w 


N6804 


B. bacteriovorus 109D 


2060 


51 


100 


103 










B. bacteriovorus 100 


2170 


49.5 




100 


1 


0 






B. starrii A3. 12 


2610 


43.5 






100 


16 


23 


0 


B. stoipii UKi2 


2290 


41.8 








100 


28.5 


37 


Strain W 


2030 


43.7 










100 


32 


N 6804 (ICPB 3294) 


2040 


31A 












100 



one isolate from another group was 43.5%. 
Marbach et al. (1976) separated halophilic 
bdellovibrios into 10 groups, based on prey 
range. However, no such grouping was found by 
Torrella et al. (1978) or by Schoeffield et al. 
(1991), and host range was shown to depend on 
the experimental conditions, thereby raising 
questions about the usefulness of this parameter 
as a taxonomic criterion. Bacteriophages of 
bdellovibrios (bdellophages) have been isolated 
(Sagi and Levisohn, 1976; Althauser et al., 1972; 
Varon and Levisohn, 1972; Hashimoto et al., 
1970) and in some instances used to define tax- 
omic groups of bdellovibrios (Althauser et al., 
1972; Varon, 1974). 



B. bacteriovorus 1 00 
B. bacteriovorus 1 1 4 
B. bacteriovorus 1 09D 
B. bacteriovorus 0x9-2 
B. bacteriovorus 1 09 



B. bacteriovorus 0x9-3 
■ B. bacteriovorus 1 09J 
B. bacteriovorus 6-5-S 
— B. bacteriovorus W 






■ B. stoipii 



- marine strain BM4 



- D. desuifuricans 
Ps. testosteroni 



-A. tumefaciens 
F. heparinum 



16S rRNA 

Resolution of the phylogeny of Bdellovibrio has 
been increased by the analysis of the 16S rRNA 
molecule. Donze et al. (1991) analyzed 11 terres- 
trial strains and one marine isolate using partial 
sequences of the 16S rDNA gene. Their results 
confirmed the placement of Bdellovibrio within 
the Proteobacteria and showed Bdellovibrio 
strains were related more closely to each other 
than to other bacteria, supporting the claim of 
common ancestry. The heterogeneity of the 
genus Bdellovibrio could be divided into two 
groups, B. bacteriovorus strains forming one and 
B. stoipii, B. starrii and the marine isolate the 
other (Figure 5). However, the large phenotypic 
and molecular (%G+C content, DNA/DNA 
reassociation) differences between the marine 
and terrestrial isolates, the scant molecular infor- 
mation available on the diversity of marine 
strains, and the heterogeneity observed within 
the species B. bacteriovorus call for further 
studies. 

Serological Classification 

Immunological approaches have been shown to 
offer a level of sensitivity high enough to resolve 
taxonomic groups of bdellovibrios (Schoeffield 
et al., 1991; Schelling et al., 1983; Kramer et al., 
1977). Using techniques such as immuno- 
diffusion, immunoelectrophoresis, agglutination. 



Fig. 5. Phylogenetic tree for 12 strains of Bdellovibrio based 
on the analysis of the 16S rRNA gene. Bar; fractional differ- 
ence in nucleotide sequence. (From Donze et al., 1991.) 



and indirect immunofluorescence, halophilic and 
nonhalophilic bdellovibrios can be separated 
into several serologically distinct subgroups: the 
terrestrial subgroups, sharing a common antigen 
(Schelling et al., 1983; Kramer et al., 1977); the 
halophilic isolates (Schoeffield et al., 1991), each 
identified by at least one common antigen; and 
the aquatic, salt-loving strains, sharing a common 
antigen with terrestrial strain W (Schoeffield 
et al., 1991). Thus, such immunology-based tools 
can help determine taxonomy. 

Habitat and Ecology 

Bdellovibrios have been isolated from a wide 
range of water systems: estuaries (brackish 
water), sea coasts and oceans, rivers, sewage, fish 
ponds, runoff (irrigation water), and man-made 
water supplies. Also, organisms have been found 
in the gills of crabs, in sediments, on submerged 
surfaces, in soils, in rice paddies, and in the rhizo- 
sphere of plants. Table 2 presents a summary of 
biotops in which Bdellovibrio were detected. 
Interestingly, the concentration of recovered 
Bdellovibrio in rivers correlated with water pol- 
lution. Whereas no predators could be detected 
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in pure well waters (Varon and Shilo, 1978), 
Bdellovihrio counts increased from 10 to 3500 
PFU mL“^ (plaque-forming units) at the source 
and near an urbanized section of the river, 
respectively (Lambina et al, 1974). Although a 
higher total bacterial load in the sample may 
promote Bdellovihrio growth, the predator has 
been shown sensitive to environmental pollut- 
ants such as heavy metals, detergents, and pesti- 
cides (Varon and Shilo, 1978). Bdellovibrios are 
aerobic, multiplying under oxic conditions, but 
they are able to survive anoxic periods as attack- 
phase cells or as bdelloplasts (Schoeffield et al., 
1991). Furthermore, halo-tolerant predators 
have been shown to grow under microaerobic 
conditions. Spells of low oxygen tension occur in 
soils and in water, and the parasite seems to be 
adapted to these conditions. The range of possi- 
ble niches for bdellovibrios to survive and be 
active, therefore, may not be restricted to perma- 
nently aerobic biotas. 

Another environment in which bdellovibrios 
have been found is biofilms on surfaces. In the 
continuous space between the solid phases of 
biofilms, dissolved chemicals, suspended parti- 
cles, and cells move freely (Wanner, 1989). It is 
therefore plausible that bdellovibrios due to 
their small size, high motility, and mode of 
multiplication may strongly influence the bacte- 
rial composition of their associated biofilms. 
Recently, an isolate that effectively reduces the 
level of biofilm E. coli cells on stainless steel has 
been reported (Fratamico and Cooke, 1996). In 
some instances, biofilms seem to offer better con- 
ditions for the multiplication and survival of 
bdellovibrios as they have been found in the fab- 
ric of natural marine biofilms but not always 
recovered from the surrounding water (Kelley 
et al., 1997; Kelley et al., 1992; Williams et al., 
1995). In these specific econiches, bdellovibrios 
might become entrapped in the gel-matrix of 
biofilms, benefiting from higher concentrations 
of prey cells that ensure survival, a greater mul- 
tiplication rate, and also physical protection. 
Surface-associated bdellovibrios were shown to 
survive various environmental insults but free- 
living cells died rapidly (Markelova et al., 1998). 

A high density of prey has often been shown 
to be necessary for Bdellovihrio survival. Various 
authors have reported that prey concentrations 
of at least 10^ to 10^ CFU g“^ soil or mL~^ are 
required for Bdellovihrio survival (Keya and 
Alexander, 1975; Uematsu, 1980). Calculations 
based on the Lotka-Volterra predator-prey 
model (Varon and Zeigler, 1978) indicate that at 
least 3 X 10^ prey cells are needed to give bdell- 
ovibrios a 50% chance of survival. From this type 
of calculation, the general conclusion was that 
Bdellovihrio can survive only in special ecolo- 
gical niches. However, low-level, steady-state 



bdellovihrio populations were sustained for long 
periods in continuous cultures at low host den- 
sity (10"^ cells-mL”^). 

As seen above, biofilms can potentially pro- 
vide a richer habitat for bdellovibrios. Biofilms 
may provide an environment more conducive to 
bdellovihrio development in low microbial den- 
sity biotas, the predator expanding beyond that 
realm during bacterial population surges. Nota- 
bly, the calculated minimal prey levels usually 
relate to bdellovihrio predation upon a defined 
bacterial species in pure culture. Because bdell- 
ovibrios are usually not stringently host-range 
specific, the concentration of substrate cells in 
natural settings may well be high enough to sus- 
tain bdellovihrio populations. Moreover, only a 
fraction (>1 to a few percent) of the bacterial 
cells contained in environmental samples are 
typically amenable to cultivation. This fact has 
to be considered (Amann et al., 1995), as did 
Rice et al. (1998), who quantified the number of 
bdellovibrio-susceptible bacteria in an estuarine 
environment. Seventy to 85% of recovered bac- 
teria were found susceptible to bdellovibrios iso- 
lated from the same sampling sites. Assuming 
that almost 10% of the bacteria in samples were 
retrieved on culture, the authors calculated that 
the susceptible populations were sufficient to 
ensure survival of the predators. Therefore, 
Bdellovihrio spp. may have a modulatory role in 
nature (Rice et al., 1998), eradication being pre- 
vented by natural oscillations in a predator-prey 
system (Varon, 1979). 

Survival of bdellovibrios in nature has been 
the subject of conjecture because cell composi- 
tion in bdellovibrios is known to change rapidly 
in starving conditions, and bacterial suspensions 
quickly lose viability (Marbach et al., 1976; 
Hespell et al., 1974), signifying that a free swim- 
ming cell must find a prey rapidly. However, 
bdellovibrios were shown to survive longer 
periods in nutrient-poor environments (Fry and 
Staples, 1976; Daniel, 1969), possibly due to 
population heterogeneity (Varon and Shilo, 
1978) or better resilience of bdelloplasts (cer- 
tainly as bdellocysts, although the number of 
strains able to develop this morphology seems to 
be small). The molecular responses to starvation 
are unknown. 

Isolation 

The peculiar cell cycle of Bdellovihrio dictates its 
method of isolation, whether from sewage, plant 
parts, submerged surfaces, or water samples. 
Basically, bdellovibrios and phages are isolated 
in a similar manner. The sample, or serial dilu- 
tions of it, is mixed with a potential prey bacte- 
rium in melted soft agar and poured onto an agar 
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plate containing a diluted growth medium. The 
bacterial predator forms plaques that have to be 
differentiated from those formed by protozoa or 
bacteriophages. 

Relatively low levels of bdellovibrios are usu- 
ally retrieved from environmental sources that 
contain much higher levels of unsusceptible bac- 
teria and “blurring” through overgrowth results, 
which can interfere with the detection of bdell- 
ovibrio plaques. Moreover, bdellovibrio growth 
can be hindered by bacteria-excreted com- 
pounds as well as by bacteriophages. A number 
of protocols have been developed based on the 
physical separation of Bdellovibrio cells from the 
rest of the bacterial population, with the purpose 
of obtaining enriched fractions of the predator 
while reducing contaminating protozoa, bacte- 
ria, or viruses. 

The number of bdellovibrio plaques detected 
in any environmental sample depends on the 
host bacterium chosen, the processing of the 
sample, and the isolation protocol. Bdellovibrio 
shows variation in host range, and no single bac- 
terial species can potentially support the growth 
of all isolates. This problem is compounded by 
the lack of information on the structure and 
diversity of Bdellovibrio populations. However, 
Vibrio parahaemolyticus was shown to be an 
effective host for the retrieval of Bdellovibrio 
from estuarine environments (Schoeffield and 
Williams, 1990). Pseudomonas spp., Aquaspiril- 
lum serpens, a number of phytopathogens such 
as Erwinia carotovora sspp. carotovora, E. amy- 
lovora, Xanthomonas oryzae and R syringae 
have been used to isolate soil and water bdellov- 
ibrios (Stolp and Starr, 1963; Scherff, 1973; 
Uematsu, 1980; Epton et al., 1989; Elsherif and 
Grosman, 1996). 



Direct Isolation of Bdellovibrio from 
Environmental Samples 

The most common approach is based on the use 
of one or more filtration steps with or without 
differential centrifugation of the sample ana- 
lyzed. The compositions of the agar and soft agar 
can also vary. Bdellovibrio plaque development 
is favored in low-nutrient media, resulting in a 
higher plaque yield (Staples and Fry, 1973), but 
growth of contaminating bacteria is inhibited in 
plain agar medium (Uematsu, 1980). 

Based on Stolp (1981): A water sample or 50- 
g soil in 500 mL of sterile buffer is shaken vigor- 
ously for 1 h, then centrifuged for 5 min at 2000g 
to remove gross particles. The supernatant is 
passed through a series of membrane filters of 
decreasing pore size (3.0, 1.2, 0.8 and 0.45 pm). 
Filtrates from the last two steps are serially 
diluted, and 100-pL aliquots are mixed with 




Fig. 6. Lytic plaques of Bdellovibrio on Pseudomonas 
corrugata. 



approximately 109 cells of the prey bacterium in 
molten soft top agar. The mixture is poured onto 
an agar plate and incubated at 28-32°C. Rapidly 
developing lytic regions visible after 24 h are the 
result of bacteriophage multiplication. These 
plaques are usually small and do not grow fur- 
ther. They should be marked to differentiate 
them from the slower growing bdellovibrios. 
Plaques becoming visible within two to three 
days and showing further expansion for a few 
more days are potentially bdellovibrios (Figure 
6). Small and highly motile Bdellovibrio cells can 
be detected by examination of crushed plaque 
material in wet-mounts with a phase-contrast 
microscope. 

Because only a fraction of the bdellovibrios is 
detected using this method, a number of varia- 
tions have been proposed that increase the effi- 
ciency of recovery, thereby enabling more 
accurate quantification. From Uematsu (1980): 
Samples are collected, filtered through a 1.2-pm 
membrane filter, mixed with a phage-resistant 
host in molten top plain agar and plated on bot- 
tom plain agar. From Varon and Shilo (1970): 
The sample is centrifuged at 800 g for 5 min or 
passed through filter paper to remove coarse 
particles, then the bacteria are concentrated by 
centrifugation at 27,000 g for 20 min. The super- 
natant, which contains free bacteriophages, is 
discarded. The pellet is resuspended in a few mL 
and passed through a 1.2-pm membrane filter. 
Serial dilutions of the filtrate are then mixed with 
the prey in molten agar and plated on solid DN. 

Sixty to 70% of bdellovibrios may be recov- 
ered with less than 1% of prey cells passing 
through the filter, as compared with 0.1% recov- 
ery with sequential filtration. 
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A second method, using a Ficoll gradient for 
purifying bdellovibrios from mixed samples, 
was also proposed by Varon and Shilo (1970): 
Samples are prepared as above but instead of 
being filtered, the resuspended pellet is layered 
on top of a 14-mL linear Ficoll gradient of 1 to 
15% (Mw = 400,000) in DN, in 1.5 x 9.5 cm 
centrifugation tubes. The tubes are centrifuged 
horizontally in the cold at 1,620 g. The upper 
3 mL contains 80 to 90% of the Bdellovihrio with 
less than 2% contamination, whereas the other 
bacteria concentrate lower along the gradient. 

Low-nutrient media: 

DN: (Diluted Nutrient, Seidler and Starr, 
1969a) 0.08% Difco Nutrient Broth is supple- 
mented with CaCb • 2H2O, 2 mM, and MgCb • 
6H2O, 3 mM, after autoclaving, and pH is 
adjusted to 7.2 with 0.1 N NaOH. 

YP (Yeast Extract Peptone, Stolp and Starr, 
1963) contains 0.3% yeast extract, 0.06% pep- 
tone in 0.05 M Tris buffer, pH 7.5. 

Plain agar (Uematsu, 1980): MgCb • 6H2O, 
20 mM; CaCb • 2H2O, 30 mM, pH 6.5-8. Bottom 
agar: 1.2 to 1.5%. Top agar: 0.6%. 

Plating: Aliquots of 4-mL molten top agar are 
kept at 42°C in a water bath prior to mixing with 
prey and sample suspensions. 

Isolation of Marine Bdellovibrios 

Halophilic or halotolerant bdellovibrios have 
been isolated from marine environments such as 
estuaries, sediments, coastal waters, open sea 
and submerged surfaces (Williams et al., 1995; 
Williams and Falkler, 1984; Williams, 1988; 
Taylor et al., 1974; Marbach and Shilo, 1978). The 
chemical composition of sea water has to be con- 
sidered for isolating marine bdellovibrios. These 
organisms have a different G+C content than the 
terrestrial strains (Taylor et al., 1974) and their 
requirements for Na^, K^, and Ca^^ dictate the 
use of adapted media for their isolation 
(Marbach and Shilo, 1978). Marine bacteria such 
as Vibrio parahaemolyticus P-5 can be used as 
prospective hosts. Moreover, the relative low 
abundance of Bdellovihrio in these biotas may 
require concentration of large sample volumes. 

From Marbach et al. (1976): Both direct and 
enrichment approaches can be used. If needed, 
the water samples are concentrated by centrifu- 
gation (10,000 g, 30 min) or collected on a 0.1- 
pm membrane. The concentrate is then mixed 
with a potential host bacterium in soft agar and 
poured on bottom agar. Alternatively, 5 mL of 
the sample is added to 3.3 mL of molten top agar 
having 0.7 mL of the prey suspension for a final 
agar concentration of 0.65%. The mixture is then 
poured onto large Petri dishes and incubated at 
25°C (Schoeffield and Williams, 1990). 



The medium used for isolating marine strains 
of Bdellovihrio should contain at least 25% sea 
water or appropriate salts. 

Polypeptone (Pp 20) medium (Williams et al., 
1982): Filtered ocean water, 1 L; Polypeptone, 

1 g; agar, 15 g for bottom agar and 6.5 g for top 
agar; pH 7.7-7. 8. 

Synthetic marine salt solution (Marbach and 
Shilo, 1978): NaCl, 500 mM; KCl, 10 mM; 
MgS04, 25 mM; MgCb, 25 mM; CaCb, 10 mM. 

Specific Enrichment for Bdellovihrio 

Stolp (1968) devised a method yielding large 
numbers of Bdellovihrio plaques, thereby greatly 
facilitating the isolation of the predator on a spe- 
cific host bacterium whenever quantification is 
not needed. This approach has been applied 
to obtain bdellovibrios lytic to Rhizobium 
and Agrohacterium (Parker and Grove, 1970), 
Legionella (Richardson, 1990) and Azospirillum 
brasilense from 2-years-stored air-dried soils 
(Germida, 1987). 

Based on Stolp, modified by Ruby (1991): 
One-hundred milliliter aliquots of a dense sus- 
pension of the prospective prey bacterium (10^^ 
cells mL”^) are prepared in DN medium or HM 
buffer in Erlenmeyer flasks. The sample (soil, 
100 mg; sewage, 0.5 mL; river water, 1 mL) is 
added and the flasks are incubated on a rotary 
shaker. The suspension is examined daily over 

2 to 4 days for lysis (reduction in optical 
density) and for the presence of small, highly 
motile presumptive bdellovihrio cells or bdello- 
plasts by phase contrast microscopy. If no bdell- 
ovibrios are apparent, the incubation can be 
prolonged or a 1-mL aliquot can be transferred 
into a fresh suspension of substrate bacterium. 
When bdellovibrios are detected, the enrichment 
culture is centrifuged for 5 min at 2000g (250g; 
Germida, 1987) and the supernatant filtered 
through a 0.45-pm membrane. Serial dilutions 
are plated on the prospective prey bacterium. 
Developing plaques are checked microscopically 
for bdellovibrios. 

HM buffer: Hydroxyethyl piperazine-N'-2- 
ethanesulfonic acid, 25 mM, adjusted to pH 7.6 
with NaOH and supplemented with CaCb • 
2H20, 1 mM, and MgCb • 6H20, 1 mM. 

Isolation of Host-Independent-Saprophytic 
Bdellovihrio Mutants 

Wild-type bdellovibrios isolated from natural 
habitats are obligate parasites. However, host- 
independent (H-I) mutants can be recovered 
from all wild-type strains at a low frequency 
of 10“^ to 10“^ (Cotter and Thomashow, 1992a; 
Varon and Seijffers, 1975; Seidler and Starr, 
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Fig. 7. Growth phase of a host-independent mutant of B. 
bacteriovorus lO^D growing in enriched nutrient broth (From 
Eksztejn and Varon, 1977.) 



1969b; Stolp and Starr, 1963). This suggests that 
the H-I phenotype results from a single muta- 
tional event. Although these axenic mutants are 
able to lyse substrate cells, they do so less effi- 
ciently than their wild-type counterparts (Cotter 
and Tliomashow, 1992b; Varon and Seijffers, 
1975; Stolp and Starr, 1963), and they tend to 
lose this ability completely after numerous 
transfers, seemingly the result of a second muta- 
tional event (Cotter and Thomashow, 1992b; 
Gray and Ruby, 1991). Host-independence may 
have pleiotropic effects as only partial pheno- 
typic complementation can be achieved (Cotter 
and Thomashow, 1992b) and the mutants, con- 
trary to the colorless wild-type cells, produce pig- 
ments protective against photooxidative damage 
(Friedberg, 1977). 

The axenic mutants show strong proteolytic 
activities and are oxidase positive; most are cat- 
alase positive and possess a cytochrome a and c 
component (Seidler and Starr, 1969b; Diedrich 
et al., 1970; Stolp and Starr, 1963). Strikingly, the 
cell cycle of H-I mutants still shows the dimor- 
phic pattern of filamentous growth, division, 
and differentiation (Figure 7; Seidler and Starr, 
1969a). This observation has triggered many 
investigations of the possible involvement of 
prey-derived signals in the initiation or comple- 
tion of the specific growth phases of the parasite. 

From Shilo and Bruff (1965): A Bdellovibrio 
suspension (10^ cells mL^^) is filtered through a 

0.45 -pm membrane. The filtrate is transferred to 
nutrient broth (NB) or DN broth (containing 10^ 
heat-killed host cells) and incubated at 30°C with 
vigorous shaking. For growth on plates, solid NB 
or PY (peptone, 10 g; yeast extract, 3 g, pH 6.8) 
is supplemented with 1% autoclaved culture 
supernatant fluid of the same bdellovibrio strain 
grown in NB. In that case, a large (10"^ cells per 
plate) inoculum is required. 

Although more exacting, the method 
described by Seidler and Starr (1969b) was suc- 
cessful with all isolates tested, contrary to the 



protocol of Shilo and Bruff (1965), which did not 
always yield axenic mutants: 

1. Selection of Sm^ Bdellovibrio. The host- 
dependent (H-D) strain is grown in DN broth 
on a Sm"^ host. After 24 h, streptomycin is added 
(50 pg mL“^) and the culture is incubated for 
another 12 h. Next, the H-D strain is heavily 
(15%, v/v) inoculated in DN broth with the Sm"^ 
host in the presence of streptomycin. When a 
lysate is obtained, it is washed from the antibiotic 
by centrifugation, resuspended in DN broth, and 
filtered through a 0.45-pm membrane. 

2. A Sm" host suspension is inoculated with 
the filtrate. Five to 10 mL of the resulting lysate 
are transferred to the selection medium (DN or 
PY broth amended with 10^ cells mL“^ heat- 
killed prey cells and with streptomycin) and 
incubated for 3 to 6 days. Cultures are trans- 
ferred twice in PY broth with a heavy inoculum 
(15 to 25%) and the H-I isolates can then be 
plated on solid PY. 

Preparation of Pure Cultures 

Pure cultures of Bdellovibrio are obtained in the 
manner of bacteriophages. A single plaque of the 
original isolation event is lifted, resuspended in 
HM buffer or in dilute medium, passed through 
a 0.45-pm filter, and serially diluted. Plating of 
the dilutions on the original host results in 
growth of plaques. The procedure is performed 
at least three times. 

Identification 

Bdellovibrios are best identified by morphologi- 
cal features along with the particular growth 
requirements of the bacteria, i.e. a cell cycle 
featuring an obligate, intraperiplasmic, develop- 
mentally separated stage inside the substrate 
bacterium, leading to the generation of progeny 
cells. The physiology of both host and parasite is 
intimately linked to the interaction between the 
two and is dealt with separately. No molecular 
markers have been developed to date that 
enable the detection and identification of bdell- 
ovibrios in samples without relying on isolation, 
cultivation, and morphological identification. 

Morphology and Ulfrastructure 

After isolation, plaques have to be detected 
before filtrates can be examined under phase 
contrast for small, highly motile cells, swimming 
at a speed of up to 100 body-lengths per second 
(Stolp, 1967). Electron microscopy of subse- 
quent lysates reveals small, vibrioid or rod- 
shaped bacteria. The size of bdellovibrio can 
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vary between 0.25 and 0.40 |am in width and 1 
and 2 |im in length (Ruby, 1991), but smaller 
cells (0.2 jam, width; 0.8 jam, length) have been 
reported (Pan et al., 1997). The cell is propelled 
by a long (up to 30 pm), thick-sheathed polar 
flagellum. The sheath is an extension of the outer 
membrane but is of different biochemical com- 
position (Thomashow and Rittenberg, 1985). To 
date and under the proper conditions, only two 
isolates have been shown to enter the bdellocyst 
stage. 



The Bdellovibrio Cell Cycle 

Chemotaxis Attack-phase bdellovibrios in liq- 
uid culture have been shown to lose viability 
rapidly (Hespell et al., 1973). Therefore, the steps 
leading to attachment and penetration within the 
host cell are crucial. No chemotactic responses 
towards potential hosts, their exudates, or their 
lysates have been detected (Straley and Conti, 
1977; LaMarre et al., 1977). However, positive 
and negative chemotaxis was measured for 
numerous compounds including organic and 
amino acids, sugars and inorganic ions, but very 
different responses were obtained with different 
Bdellovibrio strains (Straley et al., 1979). All the 
tested strains showed aerotaxis. Because non- 
halophilic and halophilic bdellovibrios have 
been shown not to grow or to grow less, respec- 
tively, in microaerobic conditions (Schoeffield et 
al., 1996), aerotaxis lets the cells find optimal 
niches. Similarly, the chemotactic responses may 
drive the predator towards ecological niches rich 
in prey (LaMarre et al., 1977) or may help the 
cells find compounds that alleviate starvation in 
the extracellular environment (Varon and Shilo, 
1978). 

Because there is no active “marauding,” the 
process of finding prey appears to be based on 
random collisions and therefore on the concen- 
tration of both predator and prey cells. At low 
prey density (10"^ cellsmL”^), a high initial 
predator : prey ratio (1 : 250) is necessary to 
obtain significant predation (Varon and Zeigler, 
1978). 

In pelagic habitats, many bacteria are attached 
to particles, and clusters of bacteria continuously 
form and disperse around patches centered on 
the lysis of a large cell or protozoal excretion 
(Caldwell, 1977; Blackburn et al, 1998). Chemo- 
taxis towards organic compounds may indicate 
bacteria-rich niches and therefore be helpful in 
bringing bdellovibrios in proximity to potential 
prey. 

Attachment Attachment to substrate cells is 
affected by many factors such as the composition 
and the pH of the medium, oxygen tension, and 



temperature (Varon and Shilo, 1968). It is revers- 
ible within the first minutes of an encounter, but 
agitation is unable to separate attached bdellov- 
ibrios after 20 to 30 min (Varon and Shilo, 1968). 
Reversible attachment to non-hosts as well as to 
inorganic surfaces has been reported (Varon and 
Shilo, 1978). Although completely different in 
their mechanisms, two-stage attachment pro- 
cesses (the first reversible, the second irrevers- 
ible) are required in many bacteria-host systems: 
Agrohacterium tumefaciens for DNA transfer 
into a plant cell; Rhizobium for cell invasion 
(Vande Broek and Vanderleyden, 1995) and col- 
onization of plant surfaces (Romantschuk, 1992); 
and pathogenic E. coli for penetration into epi- 
thelial cells (Mulvey et al., 1998). Recognition 
sites on the surface of the bacterial prey of bdell- 
ovibrios are still uncharacterized. B. bacterio- 
vorus 109D and B. stolpii UKi2 interacted 
differently with various components of the host 
cell’s outer membrane. Whereas strain 109D 
specifically required core sugar of the host’s 
lipopolysaccharide for irreversible attachment to 
occur, B. stolpii UKi2 seemed to require specific 
proteins to interact with its prey (Schelling and 
Conti, 1986). 

Corroborating the involvement of specific 
moieties in the recognition process, detailed 
electron microscopy revealed that, upon attach- 
ment, the nonflagellated pole has strands 
believed to mediate the attachment of parasite 
to host protoplast, even before a pore is created. 
The parasite is subsequently anchored to the 
host protoplast (Figure 8; Abram et al., 1974). 

Two extracellular components of bacterial 
cells have been shown to exert opposite effects 
on the attachment of bdellovibrios. Bacterial 
capsules did not hinder B. hacteriovorus 109J to 
infect E. coli cells (Koval and Bayer, 1997), but 
the proteinaceous S-layer of Aquaspirillum ser- 




Fig. 8. Penetration of B. hacteriovorus 10^ into an E. coli cell. 
The penetration pole is flattened against the host cytoplasmic 
membrane, b: bulges in the host membranes, cm; cytoplasmic 
membrane, iw: peptidoglycan layer, ow: outer membrane. 
The penetrating parasite shows constriction at the entry pore. 
(From Abram et al., 1974.) 
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pens, A. sinuosum, and Aeromonas salmonicida 
played a protective role, rendering the bacteria 
resistant to penetration by bdellovibrios (Koval 
and Hynes, 1991). 

Penetration Penetration is completed within 
5 to 20 min after attachment. It may involve 
mechanical “drilling” through the prey’s mem- 
branes (Stolp, 1981), although enzymatic action 
is essential (Physiology). The inhibition of inva- 
sion by streptomycin (Varon and Shilo, 1968) 
supports the involvement of a tightly regulated 
response to initial attachment and production of 
enzymes. On the other hand, penicillin has no 
effect on invasion but inhibits intraperiplasmic 
multiplication (Varon et al., 1969). The driving 
force for entry may be generated by fluxes of 
water entering the infected host and causing a 
differential expansion of the host protoplast and 
cell wall, leading to their separation. Tlie bdell- 
ovibrio cell, which is bound to the cytoplasmic 
membrane, is then passively pulled into the peri- 
plasm, shedding its flagellum in the process. 
During attack and penetration, the prey-cell’s 
membrane-derived oligosaccharides are lost to 
the extracellular medium and are not used by the 
predator (Ruby and McCabe, 1988). 

Intraperiplasmic Growth The invaded peri- 
plasm offers a protected environment for the 
predator to enter a new developmental stage 
characterized by elongation into a spiraling cell, 
DNA replication, and finally fragmentation of 
the filament by the formation of septa and the 
biosynthesis of one flagellum per progeny cell. 
The ghost host cell is then lysed by the action of 



lytic enzymes, and the progeny is released. The 
filamentous cell developing at the expense of the 
host’s cytoplasmic content grows in proportion 
to the size of the prey (Kessel and Shilo, 1976) 
and exhibits a very efficient energy metabolism. 
Therefore, the number of progeny varies, from 
5.7 per E. coli (Seidler and Starr, 1969b) to 20 to 
30 cells in Aquaspirillum serpens (Stolp, 1967). 
In liquid culture, the initial cell cycle is com- 
pleted within 2 to 4 h, depending on the age of 
the bdellovibrios (Varon et al., 1969). The signals 
leading to initiation of growth within the peri- 
plasm, cell elongation, division, and differentia- 
tion into attack phase cells have been sought, but 
a consistent picture of their mode of action has 
not been obtained. 

Bdellocysts Under special growth conditions, 
bdellovibrios enter a cyst-like stage. The forma- 
tion of bdellocysts has been reported in two 
strains, one of which (strain W) is the subject of 
a number of investigations (Burger et al., 1968; 
Hoeniger et al., 1972; Tudor and Conti, 1977; 
Tudor and Conti, 1978). Bdellocysts of strain W 
developing on Rhodospirilum ruhrum mature 
within 4 h. The predator enlarges into a kidney- 
shaped cell enclosed by a structureless, amor- 
phous outer layer. A finely particulate inner 
layer surrounds the more particulate plasma 
membrane of the predator cell. Structures 
resembling storage granules are present (Figure 
9). Bdellocysts are more resistant than vegetative 
cells to dessication, high temperatures, and son- 
ication (Tudor and Conti, 1977), and their germi- 
nation is favored by L-glutamate, K^, and NH/ 
(Tudor and Conti, 1978). 



Fig. 9. Mature resting body of 
Bdellovibrio sp. strain W in 
Rhodospirillum rubrum. Panel 
a: Freeze-etching, x 173,000. 
Panel b: Negative staining, 
X 150,000. OL: outer layer. IL: 
inner layer. PM: particulate 
plasma membrane. CY: granu- 
lar cytoplasm. SG: storage 
granule. Arrows: infolding of 
the inner layer. N: fibrillar 
nucleoplasm. (From Hoeniger 
et al., 1972.) 
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Cultivation 

The cultivation of bdellovibrios in a diluted 
broth or buffer suspension of host cells routinely 
yields high concentrations of the predator (10^ 
cells mr^). However, these suspensions rapidly 
lose their viability because bdellovibrios have 
very high endogenous respiration rates (Hespell 
et ah, 1973). Therefore, aerating cultures on a 
rotary shaker and filling flasks only to one third 
of their volume is strongly recommended. Via- 
bility of the predators can be augmented by add- 
ing 5 mM glutamate to the fresh lysates. 

Propagation of Bdellovibrio 

One single plaque with a small piece of its sur- 
rounding unlysed prey cell lawn is excised from 
a Petri dish, resuspended in 10 to 15 mL of a 
diluted medium, such as DN broth or YP, and 
shaken at 30°C for 24 to 48 h. The prey cells first 
multiply, creating a suspension dense enough to 
enable a high yield of bdellovibrios. This first 
lysate can then be subcultured. 

Routine Culture 

HM buffer or DN broth (30-40 ml) is inoculated 
with freshly grown, stationary phase host sus- 
pension to a final concentration of 10^ to 10^ 
cells mk^ and 100 to 200 pi of lysate. Overnight 
incubation on a rotary shaker usually lyses all the 
prey cells. The resulting bdellovibrio suspension 
can then be supplemented with 5 mM glutamate 
and stored at 4°C. 

Large Scale Culture 

According to Ruby (1991): In a 500-mL Erlenm- 
eyer flask, 50 to 100 pi of a fresh B. bacteriovorus 
109J lysate are added to 200 ml of DN broth 
amended with 40 ml of an Escherichia coli ML35 
stationary phase culture, totalling 1.6 x 10^^ cells. 
The flask is shaken overnight and total lysis is 
observed under a phase-contrast microscope. 
The culture is cooled on ice, centrifuged at 700g 
for 15 min, and the pellet discarded. The super- 
natant, containing most of the attack-phase 
bdellovibrios, is concentrated at 10,000g for 
15 min. The pellet is resuspended in HM buffer, 
harvested again by centrifugation, and resus- 
pended in HM buffer. The yield should be about 
6 X 10^^ cells. 

Single-Cycle Growth of 
Synchronous Cultures 

Synchronous cultures are tools essential for 
investigating developmentally regulated events 



in the cell cycle of bdellovibrios. A 2 : 1 attack- 
phase predator-to-prey ratio enables concomi- 
tant attack of all host cells within minutes. By 
separating the bdelloplasts from excess attack 
phase cells, a uniform synchronous single-cycle 
suspension is obtained. The developing intrap- 
eriplasmic bdellovibrio cells can be prema- 
turely released from the bdelloplast for further 
analysis. This technique can be used to study 
the cell cycle of wild type cells, which are 
known to differ from their host-independent 
variants. 

From Thomashow and Rittenberg (1978a) and 
McCann et al. (1998): E. coli cells are grown into 
stationary phase in Luria or nutrient broth, cen- 
trifuged at 5,000g for 10 min, washed once with 
cold HM buffer, and then resuspended in the 
same buffer. A fresh lysate of attack phase B. 
bacteriovorus 109J is harvested in the cold by 
centrifugation at 10,000g for 20 min and treated 
as the host suspension. Combining 10^^ predator 
with 5 X 10^ prey cells-ml'^ results in a synchro- 
nous, single-cycle culture in which host penetra- 
tion occurs in less than 30 min and the cycle is 
complete in 3.5 h. Because the culture is very 
dense, proper aeration has to be ensured by vig- 
orous shaking of the flask. 



Premature Release from Bdelloplasts 

From Ruby (1991): Bdelloplasts of B. bacterio- 
vorus 109J can be obtained from a synchronous 
culture at any time in its development by cooling 
the culture on ice, removing the unattached, 
attack-phase cells by centrifugation at l,100g for 
5 min at 0°C, and resuspending the pellet by 
vigorous vortexing in cold HM buffer. This step 
is repeated twice to yield a virtually attack-phase 
bdellovibrio-free bdelloplast pellet as observed 
by phase-contrast microscopy. The pellet is 
warmed to room temperature, resuspended in 2 
volumes of 10 mM EDTA in 120 mM Tris-hydro- 
chloride (pH 7.6), and incubated at 30°C for 
3 min to permeabilize the outer membrane. The 
bdelloplasts become transparent and the enve- 
lopes are lysed when 10 volumes of lytic enzyme 
concentrate are added and then incubated at 
30°C for 15 to 20 min. The suspension is cooled 
to 0°C, centrifuged at 10,000g for 20 min, and 
resuspended in 1 ml HM buffer. The released 
bdellovibrios can then be purified on a Ficoll 
gradient in HM buffer. The band is removed 
from the tube and washed three times in HM 
buffer at 0°C (Ruby and Rittenberg, 1983). The 
use of a diaminopimelic acid (DAP) -deficient 
mutant host results in higher yields of released 
bdellovibrios. Culture of this mutant host in 
DAP-deficient medium for one doubling before 
harvest will weaken its envelope. 
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Preparation of a Lytic Enzyme Concentrate 

From Ruby and Rittenberg (1983): Progeny 
bdellovibrios from 3 to 4 liters of a synchronous 
culture (300 ml in a 2-liter flask) are separated 
from the dithiothreitol (50 pg-ml”^) amended 
lytic solution by two successive centrifugations at 
10,000g for 20 min. The supernatant is concen- 
trated 60 times by pressure filtration using a 
membrane with a molecular cut-off of 30,000 dal- 
tons. The concentrate is centrifuged at 10,000g 
for 20 min and 0.5% polyethylene glycol is 
added. Aliquots are frozen in liquid nitrogen and 
stored at -70°C. 



Preservation 

Bdellovibrios can be kept as plaques on solid 
medium at 4°C for 1 to 2 weeks. Lysates 
amended with 5 mM glutamate and conserved at 
4°C should be transferred every few weeks. For 
long-term conservation, aliquots of a fresh lysate 
are concentrated to half their original volume in 
freeze-resistant tubes and glycerol is added to a 
final concentration of 25%. The tubes are quickly 
frozen in liquid nitrogen and kept at -80°C. To 
revive the culture, thawed aliquots are serially 
diluted and plated on double agar seeded with 
the appropriate host. Alternatively, storage as 
bdelloplasts also maintains viability for long 
periods (Stolp, 1981): one ml of host bacteria is 
added to 5 ml of fresh lysate; the final concentra- 
tions of bdellovibrio and host bacteria are equal. 
The mixture is incubated for 30 min on a shaker 
to produce a high density of invaded prey cells. 
Glycerol is added to a final concentration of 10% 
and the vials are conserved in a deep freezer at 
-70°C. 



Physiology 

Upon attachment of attack phase bdellovibrios, 
the host cell is rapidly immobilized (Stolp and 
Starr, 1963). Major physiological features change 
quickly in the host, following an orchestrated 
sequence, even before the initiation of intraperi- 
plasmic growth by the predator: the prey cell 
stops respiring, its peptidoglycan changes 
(Thomashow and Rittenberg, 1978a; 1978b; 
1978d), the cell loses control over uptake, 
secretion, and synthesis (Varon et al., 1969; 
Rittenberg and Stiilo, 1970), and its nucleic acids 
are degraded (Matin and Rittenberg, 1972; 
Hespell and Odelson, 1978; Hespell et al., 1976). 
Bdellovibrios, in contrast to viruses and most 
intracellular parasites, do not depend on the 
metabolism of their host: they normally prolifer- 



ate in ultraviolet irradiated- or heat-killed prey 
cells (Varon et al., 1969). However, the use of 
prey is highly organized: degradation of the sub- 
strate cell leads to precursors that are used 
directly as building blocks, which drives an effi- 
cient coupling between anabolic and catabolic 
processes. The result is a highly efficient energy 
metabolism. 

Lytic-Enzymatic Activities 

Host morphology changes dramatically upon 
penetration by bdellovibrio: the host becomes a 
bdelloplast, which is usually round. Penetration 
of noncovalently bound outer-membrane com- 
ponents can be explained by the action of 
mechanical forces. However, for pore formation 
and passage through the peptidoglycan to occur, 
covalent bonds must be ruptured by enzymes 
(Fackrell and Robinson, 1973; Huang and Starr, 
1973). The lytic activities must permit penetra- 
tion on the one hand and prevent premature lysis 
of the host on the other. Rapid solubilization of 
peptidoglycan, which is the result of differen- 
tially regulated glycanase and peptidase activi- 
ties, has been demonstrated during penetration, 
the free diaminopimelic acid (DAP) and the 
amino sugar being released to the extracellular 
medium (Thomashow and Rittenberg, 1978a). 
Free DAP is then rapidly incorporated into the 
peptidoglycan of the bdelloplast by a soluble 
enzyme activity only present during intraperi- 
plasmic growth (Araki and Ruby, 1988). A 
lipopolysaccharidase is also active during inva- 
sion. Tlie glycanase is inactivated rapidly by 
peptidoglycan deacetylation, while peptidase 
activity continues at a reduced pace through- 
out the bdelloplast stage (Thomashow and 
Rittenberg, 1978a; 1978c). Prevention of bdel- 
loplast superinfection by other bdellovibrios 
has been attributed to deacetylation of the 
peptidoglycan backbone (Thomashow and 
Rittenberg, 1978d). Acylation of the host’s pep- 
tidoglycan with long-chain fatty acids may stabi- 
lize the outer membrane of the bdelloplast, 
although the peptidoglycan is not essential for its 
osmotic stability (Thomashow and Rittenberg, 
1978b; 1978c). Many hosts do not round up. 
Because strain W infected cells and heat-killed 
substrate cells, which do not round, have no 
detectable glycanase, Tudor et al. (1990) con- 
cluded that glycanase activity is responsible 
for the formation of a round bdelloplast, but 
deacetylation is not required for exclusion. A 
second burst of lytic activity takes place at 
the end of the intraperiplasmic growth phase, 
the newly synthesized enzymes degrading the 
remaining peptidoglycan (Thomashow and 
Rittenberg, 1978a; Fackrell and Robinson, 1973; 
Huang and Starr, 1973). 
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Energy Metabolism 

At least some strains of bdellovibrios have a very 
high endogenous respiration rate, seven times 
the rate of E. coli, that increases little during 
the growth phase (Rittenberg and Shilo, 1970; 
Hespell et al, 1973). 

Unlike most bacteria, free swimming and 
intraperiplasmically growing bdellovibrios have 
their endogenous respiration partially or totally 
shut-off by acetate and glutamate, respectively, 
and by mixtures of amino acids, and without 
increase in respiration rate (Hespell et al., 1973). 
This may be due to saturation of the tricarboxylic 
acid cycle or oxidative phosphorylation capaci- 
ties (Hespell, 1976: Hespell et al., 1973). TTese 
findings and the inability of bdellovibrios to 
utilize (and possibly transport) sugars (Ruby, 
1989) suggest substrate-level phosphorylation 
is not a major energy source (Rittenberg and 
Hespell, 1975a). Notably, bdellovibrios can use 
nucleoside monophosphates and ATP from the 
substrate cell or an exogenous source directly, 
and they may also use prey-derived phospholip- 
ids (Ruby and McCabe, 1986; Ruby et al., 1985; 
Rittenberg and Langley, 1975b). During the 
intraperiplasmic stage, the parasite DNases 
degrade the substrate cell’s DNA in a timely reg- 
ulated manner, providing the parasite with most 
of the nucleosides needed for growth (Rosson 
and Rittenberg, 1979; Matin and Rittenberg, 
1972). The other nucleosides come from RNA 
breakdown and ribonucleotide and deoxyribo- 
nucleotide conversions (Rosson and Rittenberg, 
1981), inasmuch as bdellovibrios seem unable to 
synthesize nucleotide denovo (Engelking and 
Seidler, 1974). 

Rittenberg and Hespell (1975a) calculated 
that 16% of the total energy requirement for 
growth could be saved if the predator used 
intact prey fatty acids instead of denovo synthe- 
sizing fatty acids from acetate. Indeed, bdellov- 
ibrios growing intraperiplasmically are capable 
of totally or partially conserving substrate cell 
fatty acids and possibly phospholipids, thereby 
greatly reducing their energy need (Kuenen and 
Rittenberg, 1975). 

Similarly, fatty acids and hexosamines from 
the lipopolysaccharide (LPS) of the prey’s outer 
membrane were retrieved in large proportions 
from the LPS of intracellularly growing bdellov- 
ibrios (Nelson and Rittenberg, 1981a). Thin layer 
chromatography resolved lipid A isolated from 
the predator into two fractions shown to contain 
an unequal distribution of fatty acids originating 
from both substrate and bdellovibrio cells 
(Nelson and Rittenberg, 1981b). 

Another peculiar feature of the bdellovibrio 
physiology is its unbalanced growth. During the 
growth phase, the DNA concentration increases 



faster than the protein concentration, the origi- 
nal ratio being restored by protein synthesis, 
which continues after DNA replication stops 
(Gray and Ruby, 1989). This property may per- 
mit the generation of the largest number of prog- 
eny with a minimal cell mass (Gray and Ruby, 
1989). 

This extraordinarily efficient metabolism, 
combining both scavenging and a finely regu- 
lated degradation of the substrate cell, can 
explain the outstanding energy efficiency of 
intraperiplasmically growing bdellovibrios, 
which were shown to achieve a YATP (biomass 
yield per ATP molecule expended) of 26 when 
compared with 10.5 for bacteria grown on rich 
medium (Rittenberg and Hespell, 1975a). 



Transport 

Outer Membrane Proteins Little is known 
about the transport capacities of Bdellovibrio, 
including its export pathways that involve break- 
down of prey cytoplasm by predator proteases 
and nucleases and its import pathways that use 
the breakdown products and other solutes. 
Secretion of bdellovibrio products may involve 
export pathways designated as types I, II 
and III (Genin and Boucher, 1994; Schatz and 
Dobberstein, 1996) or other mechanisms. Inter- 
estingly, type III secretion pathways are found in 
plant and animal pathogens and are involved in 
the secretion of peptides directly into the host’s 
cytoplasm (Finlay and Cossart, 1997; Baker 
et al., 1997). 

More data are available on uptake routes. As 
described in energy metabolism, bdellovibrios 
use phosphate-ester containing molecules ob- 
tained from the prey. The molecules are trans- 
ferred to the parasite, and in the case of 
phosphate nucleosides, transport seems to 
involve two different systems, one specific for the 
growth and the other for the free-living stage 
(Ruby and McCabe, 1986; Ruby et al., 1985). 
Inorganic phosphorus transport is low and 
refiects the lack of need for this element, which 
is obtained in organic form directly from the prey 
(Ruby and McCabe, 1986). Sugar transport path- 
ways are similarly lacking (Ruby and McCabe, 
1988). Mechanisms of fatty acid and lipopolysac- 
charide incorporation into bdellovibrio mole- 
cules are not known. 

The very efficient metabolism of bdellovibrios 
is epitomized by the transfer of molecules that 
move solute: outer membrane proteins (OMPs) 
are routed to the outer membrane of the preda- 
tor and cytoplasmic membrane of the prey 
(Diedrich et al., 1983; 1984; Talley et al., 1987; 
Tudor and Karp, 1994). The structure of the relo- 
cated proteins seems to be conserved in that 
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OmpF protein of E. coli transferred to the outer 
membrane of B. bacteriovorus 109D during 
intraperiplasmic growth had unaltered function 
in colicin A bdellovibrio-killing experiments 
(Diedrich et al., 1983). The process of acquiring 
outer membrane porin-like molecules from the 
substrate cell has limited adaptability. In OmpF 
mutants, the OmpC protein was transferred to 
the predator, although a clear preference for 
OmpF was detected when wild-type strains were 
the prey (Diedrich et al., 1984). However, other 
porin-like proteins were not found in the bdell- 
ovibrio outer membrane. Furthermore, it could 
be demonstrated that the protein relocalization 
of bdellovibrios is influenced by both the prey 
(smooth versus rough strains produce different 
results) and the history of the cultured predator 
(Talley et al., 1987). 

The acquired proteins may play a role in the 
passive uptake of nutrients in the free-living 
phase of Bdellovibrio (Diedrich et al., 1983). 
Alternatively, proteins relocated to the host’s 
cytoplasmic membrane may be responsible for 
the increased permeability of this membrane 
to small hydrophilic molecules and ions 
(Rittenberg and Shilo, 1970; Cover et al., 1984a). 
Thus, breakdown products from the cytoplasm 
might diffuse to the periplasmic space to be 
taken up by the predator (Tudor and Karp, 
1994). 

Properties of Bdelloplast and of Predator 
Membranes Change in the cell wall structure of 
the prey upon attack by Bdellovibrio is not 
limited to its peptidoglycan. The cell surface 
becomes more hydrophobic (Cover and Ritten- 
berg, 1984b), maybe as a result of peptidoglycan 
modification with long-chain fatty acids 
(Thomashow and Rittenberg, 1978b) or cleavage 
of glucosamine residues from the substrate cell 
lipopolysaccharide (Thomashow and Rittenberg, 
1978a). The cytoplasmic membrane of the sub- 
strate cell becomes permeable to lactose and 
small hydrophilic molecules (Rittenberg and 
Shilo, 1970; Cover et al., 1984a). However, the 
permeability of the outer membrane layer to 
small hydrophilic molecules is not altered, and 
most periplasmic proteins are retained (Odelson 
et al., 1982; Cover et al., 1984b). 

Signaling The dimorphic cell cycle of bdellov- 
ibrios, which include an obligatory intracellular 
cell multiplication stage, is highly ordered, and 
physiology involved in attachment, penetration, 
and intraperiplasmic growth is highly regulated. 
The transition between the phases of the cell 
cycle seems to involve signals, whose function 
and nature are still elusive. It is obvious that 
during the cell cycle important changes occur in 



gene expression and protein synthesis. It was 
recently demonstrated by two-dimensional gel 
analysis of synchronous cultures that protein 
synthesis is affected by the growth stage of the 
cell: more than 30 polypeptides falling into nine 
kinetic groups were detected (McCann et al., 
1998). 

Wild-type bdellovibrios cultured on complex 
media amended with extracts obtained from 
prey cells have a developmental cycle similar 
to the one occurring intraperiplasmically 
(Friedberg, 1978; Horowitz et al., 1974; Reiner 
and Shilo, 1969; Introduction) and in host-inde- 
pendent (H-I) mutants. Bdellovibrios, obtained 
by premature release from bdelloplasts before 
the onset of DNA replication, differentiate into 
attack cells but complete their DNA synthesis 
round only if DNA replication has been initi- 
ated. The addition of host cell extracts enables 
initiation of DNA replication (Ruby and 
Rittenberg, 1983; Gray and Ruby, 1990). In an 
extensive review on the subject. Gray and Ruby 
(1991) proposed a two-signal model, the first 
triggering the differentiation of attack-phase 
bdellovibrios into growth-phase cells, the second 
initiating and sustaining subsequent rounds of 
DNA replication. Attempts at purifying the 
early and late putative signal molecules from 
prey cells were not conclusive, although these 
molecules were shown to be nondialyzable, heat 
stable, DNAse resistant, and possibly proteina- 
ceous (Gray and Ruby, 1990; Friedberg, 1978; 
Horowitz et al., 1974; Reiner and Shilo, 1969). 
Interestingly, axenic growth of prey-dependent 
bdellovibrios in a rich medium without prey 
extracts can be triggered by heat shock, elimi- 
nating the need for a growth inducing signal. 
Heat shock may trigger changes in gene tran- 
scription (Gordon et al., 1993). 

In contrast to prey-derived signals, Eksztejn 
and Varon (1977) detected a cell-density depen- 
dent, division-promoting activity identified as 
an apparent cyclic peptide produced by bdell- 
ovibrios during the middle to late growth 
stages. 

The influence of cell density was already 
noted by Shilo and Bruff (1965), who reported 
colony growth of H-I mutants of B. starrii only 
with a high density inoculum. More recently. 
Cotter and Thomashow (1992a) and (1992b) 
reported that H-I mutants could be differenti- 
ated into two classes, defined as type I and type 
II: type I develop small colonies growing close 
one to the other, and type II exhibit large, den- 
sity-independent growth. Type I mutants arise at 
a frequency of 10“^ to 10“^ and type II at a fre- 
quency of 10“^ to 10“^. The latter may result from 
a double mutation, lending support to the two- 
signal hypothesis (Thomashow and Cotter, 
1992). Type II mutants could be partially com- 
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plemented by a 1 kilobase fragment (the hit 
locus) containing four putative open reading 
frames of unknown function and not homolo- 
gous to any sequence in the databases (Cotter 
and Thomashow, 1992b). 

Cell-cell communication may therefore exist 
in bdellovibrios but its nature, whether peptidic 
like in Myxococcus (Dworkin, 1996), N-acyl- 
L-homoserine lactone based, quorum-sensing 
(Dunlap, 1997), or other, is unknown. 

Applications 

The characteristic life-style of bdellovibrios 
makes them attractive candidates for a number 
of applications concerned with reducing or mod- 
ulating bacterial populations, i.e. biological con- 
trol of pathogens, water purification, and biofilm 
control. 

Surprisingly little emphasis has been put on 
studying the possible role of Bdellovihrio in agri- 
cultural applications: Bdellovibrios efficiently 
eradicated Xanthomonas oryzae from rice paddy 
field water and caused rapid decline in popula- 
tions of E. carotovora sspp. carotovora in soil 
(Uematsu, 1980). Bdellovihrio isolates from the 
rhizosphere of soybean were used to control bac- 
terial blight caused by Pseudomonas glycinea 
(Scherff, 1973). Reduction in disease severity 
and systemic symptoms were significant. 

An attempt was made to control soft rot and 
black leg of potato but mixed results were 
obtained (Epton et al., 1989). 

That bdellovibrios might be deleterious to 
plant growth-promoting rhizobacteria was sug- 
gested by Germida (1987), who isolated bdellov- 
ibrios parasitic to Azospirillum brasilense from 
soils and by Elsherif and Grossman (1996), who 
could show an increase in bdellovihrio counts 
from the rhizosphere of plants inoculated with a 
beneficial strain of Pseudomonas fluorescens. 

A role for Bdellovihrio in the self-purification 
of natural water systems has been suggested 
(Daniel, 1969; Fry and Staples, 1976). Because 
bdellovibrios are highly sensitive to certain 
chemicals and metals, they can be used as indi- 
cators for those compounds in water (Varon and 
Shilo, 1981). 

A few attempts have been made to use bdell- 
ovibrios in animal models: Nakamura (1972) 
effectively treated Shigella flexneri-inducQd 
keratoconjunctivitis in rabbit with bdellovihrio, 
but bdellovihrio used as predator against patho- 
gens in the intestinal tract of rabbits was unsuc- 
cessful (Westergaard and Kramer, 1977). It has 
been proposed that because of its unique physi- 
ology Bdellovihrio may be a source of novel 
chemicals and biochemicals (Ruby, 1991), 
although the evidence is unpublished. Undeni- 



ably, this intriguing bacterial group is a great 
model for the study of a myriad of subjects cen- 
tral to biology, e.g. predator-prey interactions, 
host recognition, development of prokaryotes, 
and cell-cell signaling. 

Conclusion 

Although much has been done to understand the 
ecology and the biology of bdellovibrios, one can 
still ask whether bdellovibrios play a role in 
determining the structure of bacterial popula- 
tions. How do they survive? How is their cell 
cycle regulated, and what special functions are 
needed to complete it? Those are few of the very 
basic questions still left unanswered. 

The advent of genomics should greatly 
improve our understanding of bdellovihrio biol- 
ogy and thereby its relation with the environ- 
ment. Looking at the metabolic properties of this 
particular microbial predator, a few comparisons 
with other organisms can already be drawn: 
transport of exogenous phosphorylated nucleo- 
sides, sometimes accompanied by a marked 
reduction in de novo nucleotide biosynthesis 
capabilities, has been shown in intracellular 
parasites of eucaryotic cells such as Rickettsia, 
Mycoplasma and. Chlamydia (Stephens et al., 
1998; Fraser et al., 1995; Moulder, 1991). This 
type of adaptation points to converging pheno- 
typic evolution between intracellular parasites, 
although the biochemical mechanisms widely 
differ. Similarly, it will be possible to assess the 
dynamics of genome evolution and reduction by 
looking for “missing” genes and for the ones 
pointing to the particular lifestyle of this organ- 
ism when the Bdellovihrio genome becomes 
available. 
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The myxobacteria are Gram-negative, unicellu- 
lar bacteria with rod-shaped vegetative cells 
(Fig. 1). Because of their gliding movement, col- 
onies develop as thin, spreading swarms, partic- 
ularly on media low in organic constituents (Fig. 
2). Under starvation conditions, the myxobacte- 
ria undergo an impressive process of coopera- 
tive morphogenesis: the vegetative cells 

aggregate into large mounds and then form a 
fruiting body by directed cell movement (Fig. 3). 
Myxobacterial fruiting bodies show various 
degrees of complexity. They typically measure 
between 50 and 500 pm and can be seen with the 
naked eye. Within the maturing fruiting body the 
vegetative cells convert into short, optically 
retractile myxospores (Figs. 1 and 3). The myx- 
ospores are desiccation resistant and allow the 
organism to survive unfavorable environmental 
conditions. Many features of the life cycle are 
richly illustrated in a series of film clips created 
by Hans Reichenbach and assembled by Martin 
Dworkin (see the online version of The Prokary- 
otes). The clips are presented with the permis- 
sion of the Institut fur den Wissenschaftlichen 
Film. 

Commentary and References for Time-lapse 
Film. 

This time lapse film is from a series of films 
created by Dr. Hans Reichenbach. It was assem- 
bled by Dr. Martin Dworkin and is presented 
with the permission of the Institut fur den Wis- 
senschaftlichen Film, Gottingen, Germany.* 

1. Movement of cells of Archangium viola- 
ceum on agar. Note that movement ceases 
while the cells are dividing. [2 frames/min. over 
approximately 8 hr.; Kuhlwein, H. and H. 
Reichenbach, 1968a] 

2. Movement of cells of Myxococcus xanthus 
on agar. [4 frames/min over approximately 
1.5 hr.; Kuhlwein, H. and H. Reichenbach, 
1968b] 



* The real time of each segment can be calculated from the 
fact that the film was projected at a speed of 24 frames/ 
second and that the rate at which the frames were taken will 
be presented for each segment. 



3. Movement of cells of Myxococcus virescens 
over agar. [8 frames/min. over approximately 
1 hr.; Kuhlwein, H. and H. Reichenbach, 1968c] 

4. Spiral movement characteristic of masses of 
cells of Chondromyces apiculatus on an agar sur- 
face. [1 frame/min. over approximately 16 hr.; 
Kuhlwein, H. and H. Reichenbach, 1968d] 

5. Aggregation of Chondromyces apiculatus 
as a prelude to fruiting body formation. Note the 
streams of cells moving into the aggregation cen- 
ter. [1 frame/min. over approximately 13 hr.; 
Kuhlwein, H. and H. Reichenbach, 1968e] 

6-8. Side views of the development of the 
fruiting body of Chondromyces apiculatus on 
a cellophane membrane overlaid on agar. The 
aggregated spherical mass of cells excretes a 
slime stalk, which propels the mass of cells 
upward. The cells within the knob at the top of 
the stalk differentiate into individual sporangi- 
oles containing the myxospores. [4, 8, and 4 
frames/min. over 3, 3, and 5 hr.; Kuhlwein, H. 
and H. Reichenbach, 1968f] 

9-10. Germination of sporangioles of Chon- 
dromyces apiculatus. The myxospores of C. api- 
culatus are contained in sporangioles arrayed 
around the head of the fruiting body. Prior to 
germination the sporangioles fall off the fruiting 
body. The sporangiole swells and movement of 
the cells within the sporangiole becomes discern- 
able. The sporangiole lyses at one end and then 
at the other, whereupon the cells emerge and 
constitute a small swarm, leaving the empty hull 
behind. Note that as the swarm moves, individual 
cells, which can move faster than the entire 
swarm, never escape from the swarm. Opposing 
swarms move toward each other and eventually 
fuse. The attractive mechanism is unknown. 
[2 frames/min. over 23.5 hr.; Kuhlwein, H. and 
H. Reichenbach, 1968g] 

11. Germination of myxospores of Myxococ- 
cus xanthus. Unlike the resting cells of Chondro- 
myces, which are contained in sporangioles, the 
myxospores of Myxococcus germinate as individ- 
ual cells. The cells lose their optical retractility 
and break out of their spore coat, leaving the 
empty hull behind. The cells elongate, reacquire 
their characteristic gliding motility and move off. 
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Fig. 1. Various types of myxobacterial cells, (a-d) Vegetative cells, (a and b) The Cystobacterineae type, a) Cystobacter 
ferrugineus, cells from a liquid culture, b) Stigmatella aurantiaca, cells in situ on agar surface in a chamber culture, (c and d) 
The Sorangineae type, c) Chondromyces crocatus in a chamber culture, d) Sorangium compositum in a chamber culture. Cells 
of the Nannocystineae resemble those of the Sorangineae. (e-h) Myxospores of members of the Cystobacterineae. e) 
Myxospores of Cystobacter ferrugineus from a crushed, degenerated, Archangium-likQ fruiting body; under oil immersion, 
the high optical refractility of the myxospores is not apparent, f) Myxospores of Cystobacter velatus from a crushed fruiting 
body sporangiole; oil immersion, g) Experimentally induced myxospores of Stigmatella aurantiaca on the agar surface in a 
chamber culture; under the 40X dry objective, the high optical refractility of the myxospores becomes very conspicuous. And 
h) myxospores from a Myxococcus xanthus fruiting body; the optical refractility of these spherical myxospores is so high that 
it is recognizable even under oil immersion. All photographs are in phase contrast. Bars = 10 pm. 



Several cells can be seen dividing. [2 frames/min. 
over an approximately 9 hr.; Reichenbach, H. 
1966] 

12-13. Slime trails of Chondromyces apicula- 
tus. The gliding cells leave a visible trail on the 
agar surface. Cells move slowly when laying the 
trail, but more rapidly if they move onto a pre- 
viously laid trail. Cells may join on a trail and 
move together as a group. [5 frames/min. over a 
1 and 2 hr period for C. apiculatus; Ktihlwein, H. 
and H. Reichenbach, 1968h] 

14-15. Rippling. Cells of the Myxococcaceae 
characteristically undergo what Reichenbach 
originally referred to as “rhythmic oscillations.” 
Starting at the center of a swarm of Chondrococ- 
cus coralloides (now Corallo coccus coralloides), 
rhythmically pulsating ripples travel outward. 
The oscillations periodically stop and start. The 
phenomenon is shown at a lower and higher 
magnification. [1 frame/min. for approximately 
3 hr and, at a two-fold higher magnification. 



8 frames/min. over about 0.5 hr.; Kuhlwein, H. 
and H. Reichenbach, 1968i] 

16. Edge of a swarm of Archangium viola- 
ceum.ThQ cells move in a pack. If a cell occasion- 
ally moves away from the pack, it quickly 
returns. [8 frames/min. over 1.5 hr.; Kuhlwein, H. 
and H. Reichenbach, 1968j] 

17. Lysis of bacteria. Living cells of Sarcina 
flava are lysed by Archangium violaceum. Note 
that the cells are lysed at a distance, as evidenced 
by their loss of phase darkness. Note also that the 
cells of Archangium seem to head directly for the 
Sarcina, as if they can detect them at a distance. 
[4 frames/min. over 3.5 hr.; Reichenbach, H., 
1968] 

The phylogenetic position of the myxobacteria 
has been elucidated by a comparison of 16S 
rRNA (Ludwig et al., 1983; Oyaizu and Woese, 
1985) and 16S rRNA gene sequences (Shimkets 
and Woese, 1992; Sproer et al., 1999). According 
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Fig. 2. Swarm colonies of various myxobacteria. (a, b, d, f and h) Swarms of members of the Cystobacterineae. (c, e and g) 
Swarms of members of the Sorangineae. i) Swarms of members of the Nannocystineae. a) Stigmatella erecta on CY agar; 
dissecting microscope, oblique illumination. Bar = 1 mm. b) Myxococcus xanthus, very young colony on Casitone agar; 
dissecting microscope, oblique illumination. Bar = 0.5 mm. c) Polyangium sp. on water agar, swarm edge; the spreading colony 
falls apart into cell clumps, which separate, thereby etching trenches into the agar surface; dissecting microscope, oblique 
illumination. Bar = 1 mm. d) Cystobacter violaceus (formerly Archangium violaceum) on VY/2 agar; from the inoculum in 
the center, the swarm has spread over the whole agar plate. Bar = 30 mm. e) Nannocystis exedens on Casitone agar; the swarm 
developed from the ridge in the center, and the agar plate has become deeply corroded; Leitz Aristophot. Bar = 5 mm. 
f) Corallococcus coralloides (Reichenbach, 2005) on Casitone agar; the central part of the swarm is covered with rudimentary 
fruiting bodies; Leitz Aristophot; Bar = 5 mm. g) Polyangium sp. on a streak of Escherichia coli (which is still recognizable 
at the left) on water agar; the swarm edge is a compact, ridge-shaped mass of vegetative cells, behind which the agar surface 
is deeply corroded; dissecting microscope, oblique illumination. Bar = 1 mm. h) Stigmatella erecta on Casitone agar, swarm 
edge with flame-like protrusions; dissecting microscope, oblique illumination. Bar = 1 mm. And i) Nannocystis exedens on a 
streak of Micrococcus luteus on water agar; the entire swarm has sunk into the agar, which is deeply corroded; dissecting 
microscope, oblique illumination. Bar = 2 pm. 
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Fig. 3. Cellular morphogenesis in 
myxobacteria shown with Stigmatella 
aurantiaca as an example. Fruiting 
body and cells are not drawn to scale. 
From Gerth and Reichenbach (1978). 



to these data, the myxobacteria belong to the 
Deltaproteobacteria, which also contains the 
genera Bdellovibrio, Geohacter, Pelohacter 
(Lonergan et al., 1996), Anaeromyxohacter 
(Sanford et al., 2002) and certain sulfate reducers 
such as Desulfovibrio and Desulfonema 
(Stackebrandt et al, 1988). About 50 species of 
myxobacteria have been assigned to seventeen 
different genera (Reichenbach, 2005; see the 
section Taxonomy of Myxobacteria in this 
Chapter). 

While myxobacterial fruiting bodies had been 
observed by botanists early in the nineteenth 
century, they continued to be mistaken for fungi 
for almost a century. The first report in the 
scientific literature appears to be by Heinrich 
Friedrich Link (Link, 1809), who described a 
little “gasteromycete,” Polyangium vitellinum, 
a taxon that is still valid. The description was 
accompanied by an exact and beautiful illustra- 
tion (Link, 1809; Ditmar, 1814; see Fig. 14 
below). Two more species, Stigmatella aurantiaca 
and Chondromyces crocatus, were defined by the 
British mycologist, M. J. Berkeley, who classified 
them as hyphomycetes (fungi imperfecti) 
(Berkeley, 1857). Again, both taxa are still valid. 
Stigmatella aurantiaca was described two more 
times as a new fungus under different names and 
with different systematic positions before it was 
finally recognized as a myxobacterium by the 
United States botanist Roland Thaxter (1892). 
Thaxter was the first to elucidate the astonishing 
and unexpected life cycle of the myxobacteria, 
which he published, together with descriptions of 
a substantial number of new species, in a series 
of brilliant articles (Thaxter, 1892; Thaxter, 1893; 
T. Thaxter, 1897; Thaxter, 1904). However, the 
reception by the scientific community was less 



than enthusiastic, and it took at least 20 years 
before Thaxter’s work became widely accepted. 
In the first decade of the twentieth century, how- 
ever, four voluminous studies on myxobacteria 
were published (Baur, 1905; Quehl, 1906; Vahle, 
1910; Kofier, 1913) which deal with many prob- 
lems that later became important topics of 
research. One of those four authors later became 
a very infiuential geneticist involved in breeding 
research (Erwin Baur). In the following decades, 
research was confined mainly to taxonomic, 
ecological and morphological questions (Jahn, 
1911; Jahn, 1924; Krzemieniewska and 
Krzemieniewski, 1926; 1927a, 1927b; 1930). Dur- 
ing that period, new species were discovered and 
the wide geographical distribution of myxobac- 
teria was recognized. Furthermore, two large 
subgroups that could be distinguished by the 
shape of their vegetative cells were recognized 
(Krzemieniewska and Krzemieniewski, 1928), 
and some myxobacteria degrade cellulose and 
could be cultivated on a medium containing only 
cellulose and a few mineral salts (Imshenetski 
and Solntseva, 1936; Krzemieniewska and 
Krzemieniewski, 1937a, 1937b). For some time, 
cellulose decomposition by myxobacteria was a 
principal focus of interest, mainly in Russia, 
where it was studied in the laboratory of A. A. 
Imschenezki (for a review, see Imshenetski, 
1959). 

Footnote: In the remainder of the chapter 
the following abbreviations are used for genera 
of myxobacteria: Ar., Archangium; Cb., Cysto- 
bacter; Cm., Chondromyces', CL, Corallococcus', 
Ha., Haploangium', Ko., Kofleria', Me., Melit- 
tangium', Mx., Myxococcus', Na., Nannocystis', 
PL, Polyangium', Sg., Stigmatella', and So., 
Sorangium. 
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Studies utilizing pure cultures of myxobacteria 
did not become common practice until the mid- 
dle of the twentieth century because myxobacte- 
ria were generally believed to be incapable of 
growth suspended in liquid media. Until then, 
physiological studies were tedious and only 
moderately conclusive, because the myxobacte- 
ria grew only as a film along the glass wall of the 
container and the surface of the liquid. Even 
under these experimental restrictions some 
insights were gained into the nutritional require- 
ments of myxobacteria. Noren (1955), Loebeck 
and Klein (1956), and Mason and Powelson 
(1958) reported that at least some strains of 
Myxococcus grew well as suspension cultures. 
Subsequently, many more examples of myxo- 
bacteria growing in a dispersed manner have 
been described. Ironically, it later turned out 
(Dworkin, 1984) that dispersed growth of Myxo- 
coccus (Mx.) xanthus strains had been observed 
as early as 1948, but this information had never 
been published (Woods, 1948). 

Beginning in the 1950s, the emphasis of 
myxobacterial research shifted to problems in 
developmental biology, with Mx. xanthus as the 
preferred subject. A major breakthrough was the 
discovery by Dworkin and Gibson (1964a) that 
vegetative cells of Mx. xanthus in suspension 
cultures could be induced to convert into myx- 
ospores by the addition of certain chemicals, 
such as 0.5 M glycerol. This was the first clearly 
defined experimental system for the investiga- 
tion of a morphogenetic process in a myxobacte- 
rium, and it led to a long series of studies on the 
morphological, physiological and biochemical 
events that take place during induced myxospore 
formation. 

Genetic analysis began with the development 
of systems for the transfer of plasmids, trans- 
posons and genes into and between strains of 
Mx. xanthus, based on the use of coliphage PI 
(Kaiser and Dworkin, 1975; O’Connor and 
Zusman, 1983; Shimkets et al., 1983) and Mx. 
xanthus phages Mx4 and Mx8 (Campos et al., 
1978; Martin et al., 1978). The availability of 
these genetic techniques made Mx. xanthus 
accessible as a model system for the study of 
morphogenetic processes and gliding motility. 
While these methods are not easily adaptable to 
other myxobacteria, a more versatile system 
that uses conjugation with Escherichia coli for 
the transfer of plasmids and transposons has 
been successfully applied to other myxobacte- 
rial genera (Breton et al., 1985). Progress in 
myxobacterial research has gained considerable 
momentum. The discovery that many myxobac- 
terial strains produce secondary metabolites, 
most of which are novel compounds, has stimu- 
lated an even broader interest in myxobacterial 
biochemistry, physiology and taxonomy (for 
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reviews, see Reichenbach and Hofle [1993] and 
Reichenbach [2001]). 

Our knowledge of the myxobacteria has been 
summarized repeatedly in recent years. Apart 
from the articles mentioned above, the following 
reviews should be consulted for further details: 
1) for books, Rosenberg (1984), Dworkin and 
Kaiser (1993), and Brun and Shimkets (1999); 2) 
for taxonomy, Reichenbach (2004); 3) for devel- 
opmental biology, Shimkets (1990b), Shimkets 
(1992), Shimkets (1999), Zusman (1991), Kaiser 
(1993), Kaiser (1996), Kaiser (1998), Kaiser 
(1999), Kaiser (2001), Dworkin (1996), Crawford 
and Shimkets (1999), and Bonner and Shimkets 
(2001); 4) for genomics, Shimkets (1997a), 
Shimkets (1997b), and Ryding and Shimkets 
(2000); 5) for motility, Shi and Zusman (1993a), 
Hartzell and Youderian (1995), Youderian 
(1998), Ward and Zusman (1999), Kaiser 
(2000a), and Kearns and Shimkets (2001a). In 
addition, several movies are available from the 
Institut fur den Wissenschaftlichen Film, Gottin- 
gen, Germany, that illustrate cell behavior, col- 
ony formation, and developmental processes in 
various species of myxobacteria (Reichenbach 
et al., 1965d; Reichenbach et al., 1965e; Reichen- 
bach et al., 1965f; Reichenbach et al., 1965g; 
Reichenbach et al., 1980; Grimm et al., 1971; 
Kuhlwein et al., 1971a; Kuhlwein et al., 1971b). 

Myxobacterial Ecology 

The essential questions with regard to the ecol- 
ogy of any particular group of organisms are: 
Where are they? What is there? What do they 
do? How do their characteristic biochemical, 
physiological and developmental properties 
relate to their behavior in nature? With what do 
they interact? 

Habitats 

With regard to the first two questions — Where 
are they? and What is there?, a great deal of 
anecdotal and subjective information has been 
compiled on the habitats of the myxobacteria 
(e.g., Dawid, 2000; Reichenbach and Dworkin, 
1992) since their recognition as bacteria by 
Roland Thaxter in 1892. Until recently (Dawid, 
2000), however, these data have not been sub- 
jected to any sort of systematic analysis. 

In addition, a number of other factors have 
made it difficult to draw useful quantitative 
descriptions. In view of the multicellular nature 
of the fruiting body, which may contain 10"^-10^ 
resting cells, it is difficult, if not impossible, to 
determine the number of myxobacteria in a nat- 
ural sample. Does a sample that contains one 
fruiting body represent 1 or 10"^-10^ organisms? 
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Table 1. Convenient and preferential sources for the isolation of different myxobacteria.^ 



Substrate 


Myxobacterial species typically found'" 


Soil 


Nannocystis exedens,^ Sorangium cellulosum,^ Archangium serpens,^ Corallococcus coralloides,'^ 
Polyangium spp.,^ Cystobacter spp.,^ Melittangium spp.,^ Myxococcus fulvus,^ Mx. virescens,^ and 
Mx. stipitatus^ 


Dung of herbivores 


Myxococcus fulvus,^ Corallococcus coralloides,^ Mx. virescens,^ Cystobacter fuscus,^ Cb. 
ferrugineus,"^ Archangium serpens,"^ Nannocystis exedens,^ Cb. violaceus,^ Polyangium spp.,^ 
Stigmatella erecta^ Mx. xanthus,^ Melittangium spp.,^ and Cb. velatus^ 


Bark and rotting wood 


Stigmatella aurantiaca,^ Chondromyces apiculatus,^ Sorangium cellulosum,^ Corallococcus 
coralloides,^ Myxococcus fulvus,^ Cm. pediculatus,^ and Haploangium spp3 



^The frequency of myxobacteria on a specific substrate may vary substantially in different environments. Furthermore, some 
species may be underestimated from a particular source because the isolation technique usually applied may not result in 
the isolation of a particular organism. 

'"Frequency of the encountered species: ubiquitous; very frequent; moderately frequent; relatively rare; and \ rare. 



The principal habitats of myxobacteria are 
soil, dung, decaying plant material, and the bark 
of living and dead trees. Nevertheless, myxobac- 
teria have been isolated from marine environ- 
ments as well as from a variety of climatic 
zones (Dawid, 2000). However, since the myxo- 
spores may tolerate considerable environmental 
extremes, and since most isolation techniques 
involve the cultivation of samples that have been 
extensively dried, it has not been possible to 
determine, in many cases, whether the myxobac- 
teria were there adventitiously and simply sur- 
vived as spores or were growing and thriving in 
that environment (Reichenbach, 1999). In a few 
cases, the isolated organisms were tested for 
their ability to grow under conditions similar to 
those in which they were isolated. Occasionally, 
they were able to (Dawid et al., 1988) but more 
often were not (Riickert, 1983). lizuka et al. 
(1998) have isolated two myxobacteria from 
marine environments, which have been subse- 
quently characterized and assigned to the new 
genus Haliangium (Fudou et al., 2002). The 
organisms were reported to require 2% NaCl for 
their growth. However, since this measurement 
was made on the basis of colony swarm expan- 
sion rather than growth per se, the claim must be 
viewed with caution. 

A survey of common sources for different 
myxobacteria is given in Table 1. Most myxobac- 
teria appear to be primarily soil organisms. 
However, almost all are “micropredators” 
(Singh, 1947) and are attracted by habitats with 
rich microbial communities, which they may col- 
onize as secondary substrates. Even if certain 
myxobacteria can be isolated more easily from 
sources other than soil, their presence in the soil 
of the same environment can often be demon- 
strated. The preferred substrate of a particular 
species may vary under different climatic and 
edaphic conditions. Thus, in the central United 
States, Chondromyces species are common 
inhabitants of bark and rotting wood but are rare 
in soil (Nellis and Garner, 1964; H. Reichenbach, 



unpublished observations). In India, they are 
found regularly in soil, in the rhizosphere of 
plants, and on rotting wood, bark, and dung 
(Agnihothrudu et al., 1959; Singh and Singh, 
1971). In Europe, in spite of apparently similar 
climatic conditions to those found in the United 
States, they appear to be extremely rare organ- 
isms and have been found almost exclusively 
on dung, rotting wood, and bark (Zukal, 1896; 
Quehl, 1906; Jahn, 1924; Krzemieniewska and 
Krzemieniewski, 1946). Dawid (1979) tested sev- 
eral thousand samples from the Siebengebirge, a 
mountain ridge near Bonn, Germany, and 
obtained only one isolate of Chondromyces, 
a strain of Cm. apiculatus, from a piece of rotting 
wood. Similar results have been obtained by 
Krzemieniewska and Krzemieniewski (1946) 
and by one of us (H. Reichenbach) who isolated 
myxobacteria over decades from all kinds of 
samples collected at many different sites in 
Europe. 

Myxobacteria are very common in soils of 
neutral or slightly alkaline pH (Krzemieniewska 
and Krzemieniewski, 1927b; Noren, 1950; Noren, 
1952; Sabados-Saric, 1957; Ktihlwein, 1960; 
Brockman and Boyd, 1963; Peterson, 1965; 
Peterson and Noren, 1967; Michoustine, 1968; 
McCurdy, 1969b; Riickert, 1975b; Riickert, 1976; 
Riickert, 1979; Brockman, 1976; Hook, 1977; 
Riickert and Heym, 1977; Dawid, 1978; Dawid, 
1979). They have been isolated from samples col- 
lected in tropical rain forests and in the arctic 
tundra, in steppes, deserts, and in bogs, at sea 
level as well as at high altitudes. Warm and 
seasonally dry areas, such as the southwestern 
United States, Mexico, northern India, the Med- 
iterranean countries, and the Canary Islands, 
have been found to be especially rich in different 
myxobacteria. The same is true for areas with 
underground limestone in temperate climates. 
Still, a myxobacterial species may show an 
unequal distribution even within the same cli- 
matic zone. The case of Chondromyces has just 
been mentioned. Another example is Sg. auran- 
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tiaca, which is common in the middle of the 
North American continent (Nellis and Garner, 
1964; McCurdy, 1969b; Reichenbach and 
Dworkin, 1969a), but very rare in Europe 
(Krzemieniewska and Krzemieniewski [1946] 
isolated myxobacteria in Europe 15 years before 
they found their first strain of Sg. aurantiaca). 
The decisive factor that controls the distribution 
may be the warm, humid American summers, 
which are usually in contrast to those in Europe. 
For unknown reasons, Sg. aurantiaca seems to be 
restricted to rotting wood and bark on both con- 
tinents. Locations with acid soils and raw humus 
underground, such as the Rhododendron forests 
of West Virginia (H. Reichenbach, unpublished 
observations), can be totally devoid of myxobac- 
teria. But under otherwise favorable conditions 
such as sufficiently high humidity and tempera- 
ture, myxobacteria have also been isolated from 
soils with a bulk pH of below 5 (Ruckert, 1975b; 
Ruckert, 1979). In cool, humid environments, 
such as in Finland, northern Minnesota, and 
mountain ranges, myxobacteria may be abun- 
dant, albeit limited to a few species. Tropical rain 
forests are not necessarily rich in myxobacteria, 
perhaps owing to the nature of the underground 
material. Myxobacteria have also been isolated 
from Antarctic soil samples but at least in one 
case, the organisms had a temperature optimum 
around 30°C, which raises some doubts as to 
whether they were really indigenous (Ruckert, 
1985). In another instance, however, the isolated 
bacteria were true psychrophiles that developed, 
very slowly indeed, at temperatures between 4 
and 9°C but did not grow at 18°C (Dawid et al., 
1988). While the vegetative stages of the latter 
organisms closely resembled those of myxobac- 
teria of the Polyangium and Nannocystis type, 
their identity could not be established with cer- 
tainty since they did not produce fruiting bodies. 
No mesophilic myxobacteria were found in the 
Antarctic samples examined by Dawid et al. 
(1988). 

Dung of various animals, especially of herbi- 
vores such as rabbits, hares, deer, moose, sheep 
and goats, is an excellent substrate for myxo- 
bacteria. Rabbit dung was the preferred source 
of the early myxobacteria investigators and 
appears to serve as natural bait. Apparently, 
however, myxobacteria can also pass unscathed 
through the digestive tract of animals 
(Kuhlwein, 1950). Also, the observation of myx- 
obacteria on dung pellets collected on the 
surface of deep snow layers suggests that, occa- 
sionally, they were deposited with the dung 
(Ruckert, 1975b; H. Reichenbach, unpublished 
observations). However, the organisms prima- 
rily appear to arise in the surrounding soil after 
the dung has been dropped. This conclusion is 
based on the fact that aged dung is a better 



source of myxobacteria than is fresh dung, that 
dung collected on soil rich in myxobacteria 
results in a greater yield of strains than one from 
poor soil, and that the same species found on 
dung can also be found in the surrounding soil. 
A number of myxobacteria are regularly found 
on dung, such as Mx. fulvus, Mx. virescens, Cl 
coralloides, Cb. fuscus or Sg. erecta, but no myx- 
obacterium depends on dung-derived growth 
factors, as was thought for some time, and all 
strains isolated from dung can be cultivated on 
relatively simple media. Of course, occasional 
stimulation by substances such as vitamins found 
in dung extracts is conceivable. 

Bark and rotting wood are good sources of 
certain myxobacteria. This includes the cellulose 
degraders of the genus Sorangium, but several 
noncellulolytic species are also regularly found 
in those habitats. Results vary with different spe- 
cies of trees: In Europe, relatively good yields 
have been reported with bark from living elder 
{Samhus racemosa), beech (Fagus silvatia), and 
black locust {Rohinia pseudacacia; Dawid, 1979). 
In Minnesota and other locations in the United 
States, bark and rotting wood are reliable 
sources for Stigmatella aurantiaca and Chondro- 
myces apiculatus. The latter has also been found 
regularly on wood samples from southeast Asia 
and on dry, rotten “leaves” of Opuntia cacti from 
the Canary Islands (H. Reichenbach, unpub- 
lished observations). The difference from the sit- 
uation in Europe has already been pointed out. 
Clearly, other less obvious factors, perhaps cli- 
matic ones, also play a role in the distribution of 
myxobacteria. However, probably no myxobac- 
teria have an absolute dependence on bark and 
wood. The cellulose degraders are also common 
in soil and dung, and because the other species 
are bacteriolytic, they often grow well on dung 
and in culture on media that contain peptone or 
protein. In fact, why in nature they grow prefer- 
entially on wood and bark is not understood. 
Even when they are found on dung, they may be 
there mainly because the dung of herbivores is 
always abundant in plant residues. However, 
Haploangium has only been found on bark and 
wood so far. It has never been cultivated, so its 
nutritional requirements are unknown. 

Although myxobacteria have repeatedly been 
isolated from freshwater habitats (Geitler, 1925; 
Jeffers, 1964; Brauss et al., 1967; Brauss et al., 
1968; Graf, 1975; Hook, 1977; Trzilova et al., 
1980; Trzilova et al., 1981), they probably are 
merely washed in from the soil. Myxobacteria 
have been used to classify rivers for the type of 
pollution present (Graf, 1975; Trzilova et al., 
1980; Trzilova et al., 1981). While myxobacteria 
appear not to be typical aquatic organisms, our 
experience with cultivated strains suggests that 
they can survive and thrive in suitable aquatic 
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niches. A clear indication of this is the case of a 
myxobacterium that parasitizes the green alga 
Cladophora, with fruiting body formation inside 
the emptied-out algal cells (Geitler, 1925). 
Another example may be the occurrence of 
structures resembling myxobacterial fruiting 
bodies on eggs of the water beetle Dytiscus mar- 
ginalis (Jackson, 1959). 

Dawid (2000) has compiled data on myxobac- 
teria isolated from 1398 samples collected over 
an 18-year period from all continents. Represen- 
tatives of 30 species and 11 of the 12 known 
genera of myxobacteria were isolated (only Hap- 
loangium was not). Approximately 20,000 strains 
representing 17 species were isolated from a lim- 
ited area in Germany alone. Among the 55 
nations and 9 states of the United States, myxo- 
bacteria were ubiquitous. The genera most 
frequently encountered were Myxococcus, 
Corallococcus (Reichenbach, 2005) and Arch- 
angium. Whether this reflects their true predom- 
inance or the bias of the isolation procedure is 
unclear. 

Myxobacteria were found most commonly in 
environments with pH 6-8. 

The search for new organisms able to produce 
novel and useful bioactive compounds has stim- 
ulated attempts to isolate bona flde marine 
myxobacteria. While isolation of myxobacteria 
from marine environments has been reported 
(Brockman, 1967; Riickert, 1975c; Dawid, 1979), 
in no case have these authors claimed that the 
organisms require or even can grow in the pres- 
ence of the concentration of NaCl found in 
seawater. Several recent reports show strains 
with moderate halotolerance (lizuka et al., 1998; 
lizuka et al., 2003a; lizuka et al., 2003b; Li et al., 
2002 ). 

A most unusual myxobacterium, Anaeromyx- 
ohacter dehalogenans, which is outside the 
bounds of what is usually defined as a myxobac- 
terium, has recently been described (Sanford et 
al., 2002). This organism is an anaerobe that uses 
acetate as an electron donor and a variety of 
chlorinated phenols as electron acceptors. While 
it has not been shown to produce fruiting bodies, 
it is a characteristically pigmented. Gram- 
negative rod that moves by means of gliding 
motility. The result of 16S rRNA/DNA analysis 
places it within the Myxococcales as a separate 
genus. Clearly, the taxonomic and phylogenetic 
boundaries of the myxobacteria have not yet 
been reached or even defined. 

Ecologically Relevant Characteristics 
of Myxobacteria 

The features that are characteristic of the myxo- 
bacteria are gliding motility, a complex life cycle 
culminating in the formation of fruiting bodies 
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and myxospores, the ability to degrade insoluble 
macromolecules, and the production of an exten- 
sive battery of bioactive compounds. Each of 
these properties plays an important role in estab- 
lishing the particular ecological function of the 
myxobacteria. 

Degradation of Insoluble Macromolecules 

In the grand scheme of molecular turnover in 
nature, bacteria play the major role. And myxo- 
bacteria have long been known to play an impor- 
tant part in the degradation of such insoluble 
macromolecules as protein, cellulose, pepti- 
doglycan, lipids and nucleic acids as well as intact 
cells, both eukaryotic and prokaryotic, and their 
subcellular fragments (see the section Lysis of 
Other Bacteria in this Chapter). They do so by 
excreting a powerful battery of hydrolytic 
enzymes. As such, however, they are at the mercy 
of the diluting effect of diffusion of their 
enzymes away from the cell and the effect of 
hydrolyzed products diffusing back toward the 
cell. Thus, the suggestion on theoretical grounds 
that Mx. xanthus when feeding on macromole- 
cules behaves as a bacterial “wolf pack” (Dwor- 
kin, 1973a), seeking at all times to optimize its 
feeding by maintaining a high cell density, has 
been experimentally demonstrated: Mx. xanthus 
can feed on hydrolyzed protein quite efficiently 
at a low cell density but can only utilize the 
equivalent high molecular weight protein when 
at a high cell density (Rosenberg et al., 1977). 
The characteristic swarms of migrating cells 
accomplish this, and the fruiting body may be a 
mechanism for maintaining the resting myx- 
ospores at a high cell density in preparation for 
future germination and feeding. 

The Function of Gliding Motility 

Myxobacteria exist in nature on surfaces — soil 
particles, leaf surfaces, bark and other detritus. 
Thus, flagellar motility through an aqueous 
milieu is likely to be of little value. The ability to 
crawl over a surface, on the other hand, seems 
well suited for the myxobacterial life style. Thus, 
their gliding motility is consistent with their eco- 
logical niche. 

Developmental Aspects of 
Myxobacterial Ecology 

The myxobacteria, with the exception of the tax- 
onomically problematic Anaeromyxohacter deh- 
alogenans, are aerobes and are found on surfaces 
or close to the surface of soil. As such, they are 
exposed to the vicissitudes of desiccation, irradi- 
ation and temperature extremes. Myxospores 
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while do not possess the extraordinary resistance 
of endospores, but they are sufficiently resistant 
(Sudo and Dworkin, 1969) to withstand the kinds 
of extremes they are likely to encounter in nor- 
mal environmental situations. The fruiting body 
can be assumed to maintain the resting cells 
packed closely enough together so that upon ger- 
mination they can begin feeding at the optimally 
high cell density. The sporangioles, whether mul- 
tiple on a stalk (as in Stigmatella or Chondromy- 
ces), or single on a stalk (as in Haploangium or 
Melittangium), or lying on the substrate (as in 
Cystobacter, Polyangium, Sorangium or Nanno- 
cystis), may be simply an optimal packaging 
mechanism of the resting myxospores. 



Myxobacterial Bioactive Compounds 

The myxobacteria produce an astounding 
variety of bioactive compounds (Reichenbach, 
1989; Reichenbach, 1993; Reichenbach, 2001; 
Reichenbach and Hofle, 1998). Among over 2000 
bacteriolytic strains of myxobacteria, 55% pro- 
duce bioactive compounds; among over 700 cel- 
lulolytic myxobacteria, 95% produce bioactive 
compounds (Dawid, 2000). These include inhib- 
itors of protein synthesis as well as compounds 
interfering with electron transport, nucleic acid 
synthesis, and actin and tubulin synthesis. Their 
structures include polyketides, linear and cyclic 
peptides and heterocyclic molecules. Clearly, 
when the group is fully characterized, the 
spectrum and number of bioactive compounds 
produced will rival those produced by the 
Actinomycetes. 

The biological function of antibiotics is equiv- 
ocal. While antibiotics might assist a soil organ- 
ism in its struggle for nutritional “lebensraum,” 
the matter has not been settled. How then do the 
myxobacteria interact with other myxobacteria 
and other bacteria in nature? 



Lytic Activities 

The ability of the myxobacteria to kill and lyse 
a wide variety of Gram-positive and Gram- 
negative bacteria, yeast, fungi, algae and pro- 
tozoa was noticed early and often and came to 
be considered as a characteristic property of the 
group (see the section Lysis of Other Bacteria in 
this Chapter). Thus they might reasonably play 
some sort of role in nature, either to control 
other microbial populations or to clear the soil 
of the carcasses of other dead or dying cells. 
In fact, Callao et al. (1966) demonstrated that 
after Mx. xanthus and Azotohacter were simul- 
taneously inoculated into soil, the number of 
Azotohacter decreased substantially. 



Symbiosis 

Myxobacteria have been shown to exist in a close 
symbiotic association with other bacteria. Early 
on, Pinoy (1913) demonstrated that a culture of 
Cm. crocatus, which constructs the most complex 
of all the myxobacterial fruiting bodies, existed 
in a close association with a non-myxobacterial 
companion. This matter was more carefully 
examined and defined by Jacobi et al. (1997), 
who showed that the growth of almost all strains 
of Cm. crocatus examined depended on a small 
rod-shaped bacterium tentatively identified as 
belonging to the genus Sphingobacterium 
present in the sporangioles of the fruiting body. 

Myxobacterial Interactions 
and Territoriality 

When observing the multicellular behavior of 
the myxobacteria, an obvious question is how 
able or inclined they are to interact with other 
myxobacteria. Will related species form mixed 
fruiting bodies? Will their migrating swarms 
fuse? And if not, what is the basis upon which 
the myxobacterial cells distinguish between self 
and non-self? Do the myxobacteria establish 
territories? These questions were examined by 
Smith and Dworkin, who observed the interac- 
tions between feeding and developing swarms 
of Mx. xanthus and Mx. virescens (Smith and 
Dworkin, 1994). 

A common observation in natural samples of 
myxobacterial fruiting bodies is that the localized 
areas in which they occur contain only one 
species of fruiting body, i.e., the myxobacteria do 
indeed seem to establish an exclusive territory. 
When cultures of Mx. xanthus and Mx. virescens 
were mixed and placed under fruiting conditions, 
the cells sorted themselves out and established 
separate fruiting body territories. And the con- 
tents of the individual fruiting bodies were 
limited to a single species. Furthermore, Mx. vire- 
scens was able to produce an extracellular mate- 
rial that, when applied to Mx. xanthus, caused 
spheroplasting and loss of viability. The toxic 
material had no effect on other bacteria and its 
properties were consistent with those of bacteri- 
ocins, which have previously been described 
for the myxobacteria (McCurdy, 1974). Thus, the 
myxobacteria do establish territoriality, the cells 
of different species do not mix, and one mecha- 
nism of exclusion may be myxobacterial bacteri- 
ocins (Smith and Dworkin, 1994). 

Isolation 

Although myxobacteria are common in many 
types of soil (a teaspoonful of soil is usually suf- 
ficient to isolate four or five species), they are 
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rarely mentioned in articles on soil microbiology. 
The reason is that the usual dilution and plating 
techniques used for the isolation of soil micro- 
organisms are unlikely to reveal the presence of 
myxobacteria. Owing to the slime matrix they 
produce, myxobacterial cells do not disperse eas- 
ily when the soil sample is shaken in water, so 
that the organisms are highly underrepresented 
in number when the suspension is plated. Even 
when other, more suitable methods are used, the 
estimated numbers probably are only approxi- 
mate ones; depending on the type of soil, they 
are in the range of 10^ to 4.5 x lOVg and thus 
under favorable conditions seem to be a rather 
substantial component (Singh, 1947; Sabados- 
Saric, 1957; McCurdy, 1969b). Another problem 
is that on lean media the myxobacterial colonies 
develop as easily overlooked delicate, spreading 
swarms, while on rich media they remain com- 
pact and are not recognized as myxobacteria. In 
addition, they grow relatively slowly so they are 
often overgrown by other soil microorganisms, 
particularly fungi. Tlie fruiting bodies, however, 
are conspicuous and have probably been fre- 
quently observed by soil biologists. The use of 
available nucleotide probes and fluorescent in 
situ hybridization techniques should make it pos- 
sible now to arrive at a more realistic appraisal 
of myxobacterial numbers. 

The isolation of myxobacteria can start from 
fruiting bodies that have developed on natural 
substrates or from swarms growing in agar cul- 
tures. These isolations can also be preceded by 
enrichment and baiting techniques. The methods 
have frequently been reviewed (Ktihlwein and 
Reichenbach, 1965; McCurdy, 1969b; Peterson, 
1969). 

Collection and Treatment of Samples 

Soil to be used for the isolation of myxobacteria 
should be taken from the upper few centimeters 
of the soil profile. Soils rich in higher organisms, 
and samples collected from between plant roots 
and near the base of stems, give the best yields. 
If the material cannot be processed soon after 
collection, it should be air-dried as quickly as 
possible because otherwise the sample may 
become moldy, creating problems later during 
isolation. A few cubic centimeters of soil are suf- 
ficient for most isolation techniques. In general, 
it is better to have several small samples from 
different localities than one large batch from a 
single spot. Dry material can be stored for long 
periods at room temperature. Apparently, in the 
natural substrate, myxobacteria are much more 
stable than, for example, fruiting bodies dried on 
filter paper. Thus, we have found essentially the 
same species over a 12-year period of sampling 
of stored soil samples, and we are regularly able 
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to isolate myxobacteria from samples stored 
10-15 years (H. Reichenbach and M. Dworkin, 
unpublished observations). 

With dung, better results are usually obtained 
if the samples are neither very fresh nor very old, 
but are completely free of low-molecular weight 
components. It is very important to dry the sam- 
ples if they have to be stored for more than one 
day, and such dry dung will yield myxobacteria 
even after months and years of storage. Rabbit 
dung to be used for baiting (see below) should 
be taken from wild animals; pellets from labora- 
tory or domestic rabbits are usually unsuitable, 
perhaps because they become soaked with urine 
in the cage. 

Bark and wood for the isolation of myxobac- 
teria must be taken from tree species that are low 
in resins and tannin compounds, and specimens 
have to be quickly dried if they are not to be 
processed immediately. Successful isolations are 
often obtained with wood that has already been 
decomposed to a rather soft state and with bark 
from the base of the tree and from fallen trees. 

Direct Isolation from Natural Substrates 

Isolation can often be achieved directly from the 
natural substrate. Bark of living or dead trees, 
rotting wood, or dung pellets are kept in large 
Petri dishes lined with two to three layers of filter 
paper. The samples are soaked in distilled water 
containing cycloheximide (up to 0.08 mg/ml) for 
a few hours to suppress the growth of molds. The 
water is then decanted and appropriate amounts 
of water are added at intervals during cultiva- 
tion. If the culture is kept too dry, it may soon be 
covered with molds; if the substrates are inun- 
dated, no myxobacterial fruiting bodies will 
develop. The air in the incubator should be kept 
sufficiently humid so that the crude cultures do 
not dry out too quickly. The initially saturated 
system is allowed to dry out gradually over 14- 
21 days; in this way it will eventually pass 
through the optimum for the development of 
myxobacterial fruiting bodies. Such crude cul- 
tures are likely to contain a variety of fungi, 
mites, springtails, nematodes, and other organ- 
isms that may contaminate other cultures. The 
danger of a contamination with mites is espe- 
cially serious and can quickly spoil a culture col- 
lection. The cultures should therefore be kept in 
tightly closed plastic bags or, more conveniently, 
in a separate incubator, which should frequently 
be sterilized. 

The cultures can be incubated at room temper- 
ature (around 20°C) or at 30°C. We have never 
observed unequivocal differences in the yield 
of myxobacteria when parallel crude cultures 
were kept at different temperatures, but we have 
found that at room temperature, the development 
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of myxobacteria proceeds more slowly and molds 
tend to spread more vigorously. Thus, we keep 
such cultures at 30°C (see also Krzemieniewska 
and Krzemieniewski, 1927b). However, samples 
from mountains at high altitudes or from arctic 
environments may contain myxobacteria that are 
adapted to lower temperatures (see the section 
Habitats in this Chapter), and even in forest soils 
in Central Europe, strains are occasionally found 
that grow reasonably well at 30°C but produce 
fruiting bodies only at lower temperatures. 

Initially, the crude cultures should be 
inspected for fruiting bodies every day, begin- 
ning with the third or fourth day of incubation, 
because fruiting bodies often spring up and then 
rapidly collapse and become very inconspicuous. 
Also, the fruiting bodies may soon become over- 
grown by other organisms. Most fruiting bodies 
will appear during the first 10 days, either on the 
substrate itself or on the filter paper lining; only 
rarely will anything of interest develop later than 
18-20 days. Sometimes, fruiting bodies appear 
very early on the substrate, within hours after 
moistening; probably, in such cases, desiccated 
structures have simply been rehydrated and thus 
have become recognizable, while the fruiting 
bodies that appear later are produced de novo. 
In the later phases of culture development, 
spherical or ridge-shaped masses of vegetative 
cells, which are usually bright yellow, orange, 
or red, can often be observed on the filter paper 
and can be used for isolation; in this way one 
may obtain species whose fruiting bodies are too 
small and inconspicuous to be recognized 
directly on the substrate. These organisms are 
almost always members of the Sorangineae, usu- 
ally Polyangium and Nannocystis strains, which 
produce swarms with a massive ridge at the edge. 
Sometimes, cellulose decomposers may develop 
on the filter paper lining itself. 

Isolation from Soil by Baiting 

A baiting technique can be used to isolate myx- 
obacteria from soil (Krzemieniewska and 
Krzemieniewski, 1926). A large Petri dish is filled 
with soil, which is moistened with distilled water 
up to its water-holding capacity. Autoclaved 
dung pellets from wild rabbits are partly buried 
in the soil. The culture is then incubated and 
examined as described above. Vegetative cells 
will migrate to the dung pellets, colonize them, 
and in time develop the characteristic fruiting 
bodies. Here, as with the technique described 
above, the discovery of the myxobacterial fruit- 
ing bodies is greatly facilitated by their tendency 
to appear locally in large numbers and by their 
brightly colored and glistening appearance. With 
some experience, they can be located quickly 
with the unaided eye, despite their relatively 



small size (50-500 pm). For a more careful exam- 
ination of the culture, a dissecting microscope 
with incident illumination and a magnification 
between 10 and 40X is perfectly adequate (see 
Fig. 2). 

Isolation from Swarms 

The bacteriolytic properties of myxobacteria can 
be used for their enrichment from natural sub- 
strates, particularly from soil and plant debris. 
Streaks of living food organisms (e.g., E. coli) on 
water agar (WAT agar, see below), in the form 
of a cross-streak, three parallel streaks, or a num- 
ber of circular patches, are inoculated with a 
small quantity (approximately the size of a lentil) 
of the material to be analyzed (Singh, 1947). The 
cross and the patches are inoculated in the cen- 
ter, and the parallel streaks at the ends. Care 
should be taken not to scatter the inoculum over 
the plate. To facilitate application of the sample, 
the soil may first be moistened with sterile water 
and then applied with sterile swabs. 

To restrict the development of fungi, the addi- 
tion of the antibiotic cycloheximide (25-100 pg/ 
ml) to the enrichment medium has been recom- 
mended (WCX agar, see below; Brockman and 
Boyd, 1963). Results are indeed superior when 
cycloheximide is included, and the cultures can 
be maintained for a longer period. The antibiotic 
does not control the growth of amoebae, a major 
nuisance with this isolation technique. Also, it 
does not result in the selection of particular 
myxobacteria or in the suppression of any other 
gliding bacteria, such as Cytophaga-VikQ bacteria, 
fiexibacters, Taxeohacter, or Herpetosiphon, 
which can also be isolated with this method. 

WAT Agar and WCX Agar 

CaCl 2 - 2 H 20 0.1% (w/v) 

Agar 1.5% (w/v) 

HEPES 20 mM 

Prepare media in distilled water and adjust pH to 7.2. 
Autoclave the medium. Then, add 25 mg of cycloheximide 
per ml from a filter-sterilized stock solution, yielding 
WCX Agar. As the pH is very difficult to adjust in this 
completely unbuffered medium, addition of, e.g., 20 pM 
A/-2-(hydroxy-ethyl)piperazine-A/'-2-ethane-sulfonic acid 
(HEPES), is advisable. 

Many bacteria and yeasts can be used as food 
organisms by the myxobacteria. Food organisms 
that are readily recognized and can be easily 
eliminated later are, of course, preferred. Selec- 
tion for myxobacteria works better if the prey 
microbes used are alive rather than dead. In the 
first study, an Aerohacter strain was used as 
the food organism (Singh, 1947). We have found 
the following bacteria to be useful: 1) Micrococ- 
cus luteus is easy to distinguish, is nonmotile, and 
is relatively large, so that it is not readily spread 



42 LJ. Shimkets, M. Dworkin and H. Reichenbach 

around; while it is not well utilized by soil amoe- 
bae, not all strains of myxobacteria, specifically 
Nannocystis strains, grow on it. 2) Escherichia 
coli is a favorable substrate for myxobacteria, 
including Nannocystis, which can be subcultured 
indefinitely on it; but soil amoebae also use it 
well, and this sometimes makes E. coli inconve- 
nient. 3) Autoclaved yeast, Saccharomyces cere- 
visiae, can be cheaply prepared from commercial 
bakers’ yeast; the pH of the suspension must be 
adjusted to 7.0, since the yeast cake is usually 
acidic; unfortunately, the autoclaved yeast is also 
a good substrate for many contaminants. Gener- 
ally, living E. coli is our preferred food organism. 

The cultures are incubated at 30°C and 
checked under a dissecting microscope for the 
appearance of myxobacterial swarms and fruit- 
ing bodies, at first daily, beginning on the second 
or third day, and later at longer intervals (Fig. 2). 
After about 3 weeks, no additional myxobacteria 
are likely to appear, and the cultures can be dis- 
carded. Most myxobacteria appear within 8-14 
days. The myxobacteria grow first on the lawn of 
the food organism, but later often spread over 
the agar surface between the smears. A fast- 
spreading organism such as Cystobacter may 
reach the end of a streak within 1-2 days. If two 
streaks are made in a crossed pattern, different 
myxobacteria may develop on each of the four 
arms. Different organisms also may follow one 
another on the same streak. As a rule, species 
of the Cystobacterineae are seen first, while the 
Sorangineae develop later. Between two and five 
different myxobacteria can be expected on one 
plate. Three parallel plates are usually sufficient 
to secure most of the myxobacterial types that 
are readily isolated from a sample, with the 
exception of the cellulose degraders. Fruiting 
bodies are often produced within the swarms 
after a couple of days. Fruiting bodies may also 
appear on the soil crumbs or other particles of 
the inoculum. To detect the delicate, film-like, 
swarms of myxobacteria, one must use a dissect- 
ing microscope with a tilting mirror so that light 
can be applied at a shallow angle to the surface 
of the plate. 

The sooner a swarm is recognized, the more 
easily a myxobacterium can be isolated, as at the 
beginning, the contaminants may still be con- 
fined to the site of the inoculum. Transfers are 
then made from the swarm edge, which is usually 
the purest part of the colony. 

A disadvantage of isolating myxobacteria 
from the swarm stage is that most species cannot 
be identified by their swarm morphology. With 
some experience, however, at least certain gen- 
era or types can be differentiated (Fig. 2). The 
ubiquitous Nannocystis, for example, produces a 
network of trails outside the streak of the food 
organism. These trails are deeply etched into the 
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agar and end with a small cluster of cells. On the 
streak, there is often a heavy, meandering ridge. 
Polyangium shows a similar pattern, but with 
coarser structures. Swarms with an edge that 
consists of a massive, often brightly colored ridge 
are in general typical for the suborder Sorang- 
ineae. Cystobacter and Archangium swarms are 
usually tough slime sheets with a pattern of del- 
icate, but conspicuous, branched, radiating veins. 
The swarms of the Myxococcaceae tend to be 
smooth, soft-slimy sheets, often with dense fields 
of tiny waves or ripples. If there are radial veins, 
they typically are wavy and meandering. Swarms 
of Mx. stipitatus show a bright yellow fluores- 
cence in ultraviolet (UV) light of 366-nm 
wavelength (Lampky and Brockman, 1977). The 
shape of the vegetative cells under the micro- 
scope may also provide a clue to the identifica- 
tion of the swarm observed. 



Isolation by Direct Plating of Heated and 
Dried Soil on Antibiotic-containing Media 

Karwowski et al. (1996) have described a method 
for the isolation of Myxococcus from soil by plat- 
ing treated soil samples directly on a medium 
containing antibiotics. 

Soil was air-dried at room temperature over- 
night, diluted in sterile distilled water, heated at 
56°C for 10 min and then plated on CY-CIO 
medium. (CY-ClO medium is CY medium with 
1% Casitone instead of 0.3% and with 50 pg of 
cycloheximide/ml.) Vancomycin, ristocetin or 
tiacumycin B at 10 pg/ml was also included. The 
combination of heat, desiccation and antibiotics 
killed or inhibited the growth of many non- 
myxobacterial cells, and the higher concentra- 
tion of Casitone inhibited excessive swarming of 
the myxobacteria, while still allowing their colo- 
nies to be recognized. Colonies were picked and 
plated on media allowing fruiting body forma- 
tion, and from these plates the final purification 
and identification were achieved. This approach 
was effective for isolating Myxococcus. 

Isolation of Cellulose Decomposers 

For the isolation of cellulose-degrading myxo- 
bacteria of the genus Sorangium, a mineral agar 
with cellulose as the only carbon source is used. 
While NH/ is an excellent nitrogen source for 
Sorangium, much better results are obtained 
when NOf is used in the isolation medium, as in 
ST21 agar. The cellulose is applied in the form 
of sterile filter paper, which is placed on top of 
the agar surface. Since the cultures must be 
incubated for a longer time before the cellulose 
decomposers can be recognized, inclusion of 
cycloheximide in the medium is essential. 
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ST21 Agar and ST21CX Agar 



Solution A; 

K 2 HPO 4 0 . 1 % (w/v) 

Yeast extract (Difco) 0.002% (w/v) 

Agar 1% (w/v) 

Make up in about two-thirds of the water volume in dis- 
tilled water. 



Solution B: 
KNO3 

MgS04 • 7 H 2 O 
CaCb ' 2 H 2 O 
FeCh 

MnS04 • 7 H 2 O 



0 . 1 % (w/v) 
0 . 1 % (w/v) 
0 . 1 % (w/v) 
0 . 02 % (w/v) 
0 . 01 % (w/v) 



Make up in the remaining water volume. Autoclave sep- 
arately. Combine solutions A and B and add 1 ml of trace 
element solution (see below) per liter of medium. For 
crude and enrichment cultures, add 25 mg of cyclohexim- 
ide per ml from a filter-sterilized stock solution, yielding 
ST21CX agar. 



Trace Element Solution (lOx Original Formulation; 



Drews, 1974) 

MnCb • 4 H 2 O 100 mg 

C 0 CI 2 20 mg 

CUSO 4 10 mg 

Na 2 Mo 04 • 2 H 2 O 10 mg 

ZnCb 20 mg 

LiCl 5 mg 

SnCb • 2 H 2 O 5 mg 

H3BO3 10 mg 

KBr 20 mg 

KI 20 mg 

EDTA, Na-Fe^^ salt (trihydrate) 8 g 



Dissolve in 1 liter of distilled water and filter sterilize. This 
solution is stable for months at room temperature. Use 
the mixture at 1 ml/liter of medium. 



The filter paper is inoculated in the center with 
a pea-sized amount of soil or plant debris, either 
in one spot or in the form of a streak. The cul- 
tures are incubated at 30°C. Unequivocal cellu- 
lose decomposition cannot be expected before 
8-10 days of incubation, and most Sorangium 
strains are seen only after 10-20 days. They are 
recognized as bright, more or less translucent 
patches, which are yellow, orange, brown, or 
even black, often several cm across, and consist- 
ing of macerated cellulose, slime, and usually 
masses of densely packed fruiting bodies. The 
latter are responsible for most of the color, but 
also the vegetative parts of the swarms may be 
tinged yellow and orange, and at the edges, 
dense, orange ridges often develop. Besides the 
sorangia, other cellulolytic bacteria may also 
appear. The lysed areas always contain complex 
mixtures of a variety of bacteria, protozoa, and 
nematodes. In such cultures, particularly at later 
stages, noncellulolytic myxobacteria can also 
develop that live off the cellulose degraders 
(Brockman and Boyd, 1963). They appear in the 
form of long, heavy, orange ridges, which are the 
edges of expanding swarms, and are usually 



strains of Nannocystis, Polyangium or Chondro- 
myces. Often fruiting bodies are also produced, 
not only in the macerated areas, but also on the 
edges of the intact filter paper, on the inoculum, 
and on the agar just beyond. Of course, these 
latter myxobacteria, not being cellulolytic, have 
to be subcultured on streaks of food bacteria and 
not again on filter paper. As the fruiting bodies 
observed in the lysis zones are not necessarily 
those of the cellulose degraders, in case of doubt, 
subcultures are best started both from fruiting 
bodies and from the swarm edge, using both 
types of substrates. 



Isolation from Fresh Water 

Sediments and plant and animal debris collected 
in lakes, ponds, rivers, etc. may be processed in 
the same way as described above. If free-floating 
myxobacteria are to be isolated, between 10 and 
1000 ml of water is passed through a sterile mem- 
brane filter of small pore size (0.15-0.45 |im).The 
filter is then placed right side up on the surface 
of rabbit dung agar (another lean medium, e.g., 
VY/2 agar with a reduced yeast content or CY 
agar with a lowered peptone concentration, 
would also do). The cultures are incubated at a 
suitable temperature, e.g., 34°C. After 4-5 days, 
myxobacterial swarms and fruiting bodies may 
be observed (Graf, 1975). 

Rabbit Dung Agar 

Boil 20 g of dry rabbit dung (wild rabbits) in 1 liter of 

distilled water for 20 min. Make up the filtrate to 1 liter 

again, and add 1.5% agar. Adjust the pH to 7.2, and 

autoclave the medium. 

In summary, the various direct isolation tech- 
niques all have certain limitations, and each 
may be more or less appropriate for the isola- 
tion of a specific organism. For the cellulose 
degraders there is little choice. However, with 
some experience, they may also occasionally be 
found on dung pellets. Conversely, the cellulose 
plates are also useful for the isolation of 
Chondromyces, Stigmatella, Polyangium and 
Nannocystis. While Myxococcus is most easily 
obtained on dung pellets; Cb. fuscus, Sg. erecta, 
Archangium, Corallococcus, Chondromyces 
and Melittangium are also often found with this 
technique. The most generally effective tech- 
nique is the use of bacterial smears; under these 
conditions, myxobacteria with small and incon- 
spicuous fruiting bodies as well as strains that 
do not form fruiting bodies at all under the 
culture conditions are reliably isolated. Bark 
and rotting wood incubated in a moist chamber 
are in some cases excellent sources for fast and 
reliable isolation of Stigmatella aurantiaca and 
Chondromyces species. 
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Purification Methods 

In the simplest case, pure cultures of myxobac- 
teria can be obtained in one step from fruiting 
bodies, which usually contain an uncontaminated 
population of myxospores, at least as long as they 
are young. By carefully transferring material 
from fruiting bodies to a suitable agar medium, 
such as CY or VY/2 agar (see below), pure 
swarms can be obtained. An excellent tool for 
such delicate work is a glass rod drawn out into 
a fine tip. More convenient for a swift operation 
is the sharp point of a disposable, 1-ml, injection 
syringe. Direct isolation from fruiting bodies is 
possible with Myxococcus species because they 
produce soft-slimy fruiting bodies, and enough 
myxospores to start a culture can be obtained 
just by touching the fruiting body at the top. The 
fruiting bodies of Chondromyces and Stigmatella 
consist of sporangioles that are borne on a rela- 
tively long stalk that lifts them above the heavily 
contaminated substrate surface. The sporangi- 
oles can be plucked off and used as an inoculum. 
With all other myxobacteria, the chance of a 
selective transfer from fruiting bodies is low 
because they are too intimately interwoven with 
the substrate and the slime layer of the swarm. 

VY/2 Agar 

Bakers’ yeast (commercial yeast cake) 0.5% (w/v) 
CaCl 2 - 2 H 20 0.1% (w/v) 

Cyanocobalamin 0.5 mg/|il 

Agar 1.5% (w/v) 

Adjust pH to 7.2. Autoclave the medium. The yeast may 
be stored as an autoclaved stock suspension for several 
weeks. To obtain a uniform suspension of the yeast cells 
in the agar medium, add the yeast to the molten medium. 

CY Agar 

Casitone (Difco) 0.3% (w/v) 

Yeast extract (Difco) 0.1% (w/v) 

CaCl 2 - 2 H 20 0.1% (w/v) 

Agar 1.5% (w/v) 

Adjust the pH to 7.2. Autoclave the medium. 

ENRICHMENT TECHNIQUES. If direct 
isolation is not possible, enrichment techniques 
must be applied. Fruiting bodies or vegetative 
cells are transferred to streaks of a food organ- 
ism on WCX agar. Three parallel streaks can be 
made on one plate, and each streak can be inoc- 
ulated at both ends. As the swarm is often firmly 
attached to the substrate or forms a very tough 
slime sheet, from which tiny bits cannot easily be 
removed, or because the myxobacteria migrate 
within the agar, the inoculum often with a small 
piece of agar must be cut out using the tools 
mentioned above. An inoculation loop would be 
much too coarse and would risk carrying over 
too many contaminants. The bacterial smears are 
best inoculated at their edge so that the develop- 
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ing swarm also has a chance to spread over the 
free agar surface, which sometimes gives a better 
separation from the contaminants. New transfers 
can be made from the purest-looking sections of 
the developing swarms, preferentially from the 
swarm edge, until swarms are obtained that seem 
pure enough to justify a transfer to VY/2 or CY 
agar. A transfer to smears of autoclaved E. coli 
on WCX agar may be necessary as an intermedi- 
ary step, particularly if the myxobacterium grows 
only within the streaks of the living E. coli. Much 
time can be saved later if the cultures are initially 
transferred within short intervals (1-2 days) 
before the contaminants have multiplied and 
spread. While it is advisable to make several 
transfers from the crude culture — by inoculating 
all three streaks of the enrichment plate, if pos- 
sible from different sites — to enrich for the 
organism and to have a choice of contaminants 
to deal with, transfers can also be made one at a 
time, so that the three streaks of a plate can be 
used consecutively. 

Sometimes transferred fruiting bodies do not 
germinate. This may happen, for example, if 
fruiting bodies found on a dung pellet have erro- 
neously been identified as a bacteriolytic species 
(which is indeed the case with almost all dung 
organisms) and therefore were transferred to a 
bacterial smear, while in reality the fruiting bod- 
ies had been produced by a cellulose degrader. 
The latter will readily develop if inoculated to 
filter paper on ST21 agar (see the section Isola- 
tion of Cellulose Decomposers in this Chapter). 
However, some bacteriolytic myxobacteria do 
not always germinate on bacterial streaks, e.g., 
Cb. fuscus. With these strains, transfer of fruiting 
bodies directly to VY/2 agar sometimes helps. 
After germination, the swarms should be inocu- 
lated as soon as possible on bacterial streaks, 
because many contaminants can grow vigorously 
on VY/2 agar. If a sufficient quantity of fruiting 
bodies can be obtained from the crude culture, 
some of them should first be heated in water (see 
the section Purification by Heating in this Chap- 
ter) before they are inoculated to the growth 
medium. Note at least one myxobacterium 
(Haploangium) will not germinate on any known 
medium and has not been cultivated so far. 

If the myxobacteria are left growing on the 
streaks for a longer time, they usually will pro- 
duce fruiting bodies. Fruiting bodies can be very 
useful as starting material for further, more 
sophisticated purification steps. Also, fruiting 
bodies are important for the identification of the 
isolated strains. 

The main contaminants in the enrichment cul- 
tures are other bacteria. Occasionally, other glid- 
ing organisms, more often small Gram-negative 
rods, become trapped in the slime of the swarm 
and are carried around by the moving myxobac- 
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teria. These two types of contaminants are often 
difficult to eliminate. Nematodes, fungi, and 
especially soil amoebae may also become a seri- 
ous problem. 

The first step in purification is to eliminate all 
animals from the culture because they move very 
actively and thus quickly spread bacterial con- 
taminants over the plate. The transfer of nema- 
todes can usually be avoided if some caution is 
observed, because they are large enough to be 
easily recognized and eliminated. Occasionally, 
however, a culture is heavily infested with nem- 
atodes, or the worms cannot be seen because an 
opaque substrate is used, e.g., cellulose plates. In 
these cases, the plate can be frozen by simply 
storing it in an -80°C deep-freeze for one or two 
days, which seems to kill all nematodes. After 
thawing the plate, it is important to make a trans- 
fer to a fresh plate immediately after the surface 
of the plate has softened sufficiently, because 
the thawed agar will be very runny and 
soft (Reichenbach, 1983). Exposing the plate to 
ammonia vapors (M. Aschner, personal commu- 
nication) can also kill the amoebae, which some- 
times multiply extremely fast. We use a 5% 
ammonia solution in a Petri dish and place the 
culture plate upside down over the ammonia 
dish for 1-2 min. The plate is then left with a 
closed lid for another 2-5 min, and then the myx- 
obacteria are transferred to a fresh plate because 
the old one is now strongly alkaline. The myxo- 
bacteria usually survive the treatment very well, 
even when no fruiting bodies are present. A fur- 
ther transfer should be made as soon as possible 
from the fresh culture because a few amoebae, 
probably encysted stages, sometimes survive. 
Soil amoebae do not seem to be inhibited by 
cycloheximide, nystatin, or freezing. 

Occasionally, cycloheximide-resistant fungi 
are present, but dusting the inoculum with nys- 
tatin powder can almost always inhibit them. 
The myxobacteria grow between the nystatin 
particles and can then be transferred to another 
plate. 

The remaining contaminants are bacteria. 
By transferring pieces from the fast-spreading 
swarm edge, most of the larger and less motile 
organisms are quickly eliminated, in particular 
Bacillus species and their spores, but the slime 
matrix of the swarm may still shelter many small, 
mainly Gram-negative bacteria. Apart from the 
slime, the relatively slow growth of myxobacteria 
compared with that of typical contaminants is 
a major factor that makes purification time- 
consuming and difficult. Usually it takes 3-6 
weeks before an isolated strain is pure; only 
rarely can it be accomplished in 1-2 days (by 
direct transfer of fruiting bodies). Fortunately, 
those isolations that may take 1-2 years (e.g., of 
a cellulose degrader) are equally rare. 



Often spreading growth under selective nutri- 
tional conditions is not sufficient to shake off 
contaminants, or the procedure becomes too 
time-consuming. In such cases, a number of more 
specific purification steps may be tried. 

PURIFICATION BY PLATING. Plating of 
diluted cell suspensions, the technique of choice 
for the isolation of most soil bacteria, is only 
partly useful with myxobacteria. The first diffi- 
culty is that the slime makes it difficult to sus- 
pend the cells homogeneously in water. We have 
sometimes had success using a small (1 ml) ster- 
ilized tissue homogenizer to overcome this prob- 
lem. If fruiting bodies are available, treatment 
with ultrasound for 1-2 min may result in a sus- 
pension of myxospores. (The use of ultrasound 
to kill contaminants selectively, as suggested by 
Sutherland [1976b], has not appeared very prom- 
ising in our hands.) Cell suspensions can also be 
produced in a mixer with or without glass beads 
(McCurdy, 1963). The cell suspensions can be 
diluted without problems in sterile distilled 
water, although a special dilution medium (DM) 
has also been used. 

Dilution Medium (DM; McCurdy, 1963) 

I Soluble starch 0.5% (w/v) 

MgS 04 • 7 H 2 O 0.05% (w/v) 

K2HPO4 0.025% (w/v) 

The second difficulty is that quite a few myx- 
obacteria, particularly members of the suborder 
Sorangineae, do not readily produce swarms 
from single cells. Often a long and tedious opti- 
mization and adaptation procedure is required 
before single-cell colonies are obtained, even 
from pure strains. Nevertheless, with many myx- 
obacteria, a reasonably high proportion of the 
cell population will grow to form colonies, so that 
plating may be successful. However, in our expe- 
rience, plating has a chance only if the myxobac- 
terium is already nearly pure, which may be due 
to their relatively low plating efficiency and 
relatively slow growth rate. CY agar is often an 
appropriate medium for plating; sometimes the 
yield is improved if the peptone concentration is 
increased to 0.8-1. 2% or if 0.5% glucose is 
added. ECM agar and SP agar have also been 
recommended. While VY/2 agar is a good growth 
medium, its turbidity reduces its utility and, in 
addition, myxospores sometimes do not germi- 
nate on this medium. 

ECM Agar (McCurdy, 1963) 

Suspend washed cells of E. coli (100 mg of dry mass per 
100 ml) in a medium containing: MgS 04 • 7 H 2 O, 0.05% 
(w/v); NaCl, 0.6% (w/v); and agar, 1.5% (w/v). Adjust the 
pH to 7.2 and autoclave the medium. On this medium, 
myxobacterial colonies are surrounded by lysis zones. 

SP Agar (McDonald and Peterson, 1962; McCurdy, 
1963) 
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Raffinose 
Sucrose 
Galactose 
Soluble starch 
Casitone (Difco) 
MgS04 • 7 H 2 O 
K2HPO4 
Agar 

Vitamin solution 



0.1% (w/v) 
0.1% (w/v) 
0.1% (w/v) 
0.5% (w/v) 
0.25% (w/v) 
0.05% (w/v) 
0.025% (w/v) 
1.5% (w/v) 
2.5 ml/liter 



Vitamin Solution (McDonald and Peterson, 1962) 



Thiamine 100 mg 

Riboflavin 75 mg 

Pyridoxine 75 mg 

Ca pantothenate 200 mg 

p-Aminobenzoic acid 5 mg 

Nicotinamide 75 mg 

Choline HCl 200 mg 

Folic acid 1 mg 

Inositol 1000 mg 

Biotin 0.05 mg 

Cyanocobalamin 0.05 mg 



Dissolve these ingredients in 1 liter of 100% ethanol. Add 

2.5 ml per liter of medium. 

Whether the diluted cell suspensions are 
spread on the agar surface or included in pour 
plates does not seem to make much difference. 
In the latter case, the agar content of the medium 
should be reduced to about 1 % and temperatures 
above 40°C of the molten agar should be avoided. 
Myxobacterial colonies may be recognized by 
their swarming behavior, which they also tend to 
show when embedded in agar. On rich media, 
swarming may be considerably reduced, and 
the colonies may become compact and look 
like those of ordinary bacteria. If they are dense 
enough, however, they may be brightly colored 
in shades of yellow, orange, red, or purple. 

PURIFICATION BY HEATING. This proce- 
dure can be used if fruiting bodies with mature 
myxospores are present. The fruiting bodies are 
suspended in 1 ml of sterile water and incubated 
in a water bath. After 10, 20 and 40 min, samples 
are transferred to CY or VY/2 agar and carefully 
spread all over the plate. The useful tempera- 
ture — too high for the contaminant, but still 
withstood by the myxobacterium — has to be 
found by trial and error. We usually work at 
58°C, a temperature most myxospores can sur- 
vive for at least 10 min. This temperature is often 
sufficient to kill contaminating bacteria, fungi, 
and amoebae. Only rarely do myxobacteria 
tolerate higher temperatures, and some do not 
withstand 58°C, in which case 56°C or less may 
still lead to success. However, this method should 
be tried in the later part of the purification 
process, because then the chances are higher 
that thermoresistant contaminants, e.g.. Bacillus 
spores, will no longer be present. It may take a 
week or longer at 30°C before swarms can be 
seen on the plates, as a substantial part of the 



myxospore population may also have been 
killed. However, often swarms are visible within 
1-2 days. 

PURIFICATION WITH ANTIBIOTICS. 
This procedure may also be useful if mature 
myxospores are present. Fruiting bodies are sus- 
pended in 1 ml of a rich growth medium, e.g., 
EBS medium (see below). To this is added 0.1 ml 
of a concentrated mixture of potent antibiotics, 
and the suspension is shaken overnight at 30°C 
(Reichenbach, 1983). The myxospores do not 
germinate in the rich medium, but the contami- 
nants will grow and be killed. If a contaminant is 
resistant to the inhibitors, the culture will be tur- 
bid the next morning, and the procedure must be 
repeated with a different mixture of antibiotics. 
(Occasionally the liquid becomes turbid owing to 
suspended dead cells. In this case, the culture 
fluid can be replaced by fresh medium and the 
culture incubated a few hours more.) We use 
three increasingly aggressive combinations of 
antibiotics, AB-1, -2, and -3 solutions (see 
below), which we apply consecutively when nec- 
essary. If the supernatant is still clear on the next 
morning, it is replaced by sterile distilled water, 
and the fruiting bodies are washed by shaking for 
an additional 4-6 h. They are then transferred to 
VY/2 or CY agar or to streaks of autoclaved E. 
coli on WCX agar. Usually swarms develop after 
1-5 days. Sometimes an individual swarm is still 
contaminated, although no foreign colonies can 
be seen on the plate. Therefore, several swarms 
should always be isolated and tested separately 
for purity. Again, the procedure is less effective 
during the early stages of purification, before 
the majority of the contaminants have been 
removed. Note that the vegetative growth of 
myxobacteria is, in general, as sensitive to inhi- 
bition by antibiotics as is the growth of other 
Gram-negative bacteria. However, the metabol- 
ically quiescent myxospores within the fruiting 
bodies are resistant as long as their germination 
is prevented. 

EBS Medium 

Peptone from casein (Merck, Darmstadt, Germany) 

0.5% (w/v) 

Proteose peptone (Difco) 0.5% (w/v) 

Peptone from meat (Merck) 0.1% (w/v) 

Yeast extract (Difco) 0.1% (w/v) 

The peptone from casein is a tryptic digest. Adjust the pH 
to 7.0 and autoclave the medium. 



AB-1 Solution 

Chloramphenicol 20 mg 

Streptomycin sulfate 30 mg 

Tetracycline HCl 25 mg 

Na cephalotin 20 mg 



Dissolve the above ingredients in 50 ml of distilled water 
and Alter sterilize. The solution remains stable for several 
weeks at 4°C. 
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AB-2 Solution 

Chloramphenicol 20 mg 

Streptomycin sulfate 30 mg 

Tetracycline HCl 25 mg 

Kanamycin sulfate 35 mg 

Erythromycin 25 mg 

Polymyxin B sulfate 20 mg 



Dissolve the above in 50 ml of distilled water and filter 
sterilize. The solution remains stable for several weeks at 
4°C. Use only as a last resort since it is often inhibitory 
to myxobacteria. 



AB-3 Solution 

Chloramphenicol 20 mg 

Tetracycline HCl 30 mg 

Neomycin sulfate 20 mg 

Gentamycin sulfate 30 mg 



Collistin methane sulfonate 30 mg 

Dissove the above in 50 ml of distilled water and filter 
sterilize. The solution remains stable for several weeks at 
4°C. This mixture is specifically designed to eliminate 
pseudomonads. It usually serves that purpose but is less 
well tolerated by the myxobacteria than is AB-1 solution. 

The inclusion of inhibitors, e.g., neomycin and 
sulfanilamide, directly in the isolation medium 
has been suggested (McDonald, 1967; McCurdy, 
1969b). However, while some myxobacteria can 
be isolated in this way, we do not recommend 
this approach. (Cycloheximide is of course an 
exception, as it does not inhibit prokaryotes.) It 
is remarkable how many soil bacteria can grow 
in the presence of high doses of powerful antibi- 
otics, and there is always the danger of a coun- 
terselection of some myxobacteria. Addition of 
antibiotics to purification media is a different 
story, however, as some groups of myxobacteria 
are naturally resistant to certain potent antibiot- 
ics (see later). 

PURIFICATION OF CELLULOSE 
DECOMPOSERS. The purification of Sor- 
angium strains is especially tedious and time- 
consuming because the organisms only grow 
slowly on the selective substrate, giving the con- 
taminants ample time to multiply. Furthermore, 
within the water-soaked filter pad, many con- 
taminants spread rapidly over the whole area, 
complicating the problem of separating the myx- 
obacteria from the other organisms. 

The first transfer from the crude culture 
should be made again to filter paper on ST21CX 
agar (see the section Isolation of Cellulose 
Decomposers in this Chapter) to retain the 
selective conditions. For the preparation of sub- 
cultures, filter paper is cut into small rectangles, 
about 1.5 X 3 cm, three or four of which are 
placed at some distance from each other on the 
agar surface. The filter pads are inoculated from 
different parts of the original swarm. In this way, 
an initial reduction of the contaminants may be 
achieved. The next step is to remove nematodes 



and amoebae using the techniques recom- 
mended above. To eliminate bacterial contami- 
nants, transfers can be made to streaks of 
autoclaved E. coli on WCX agar to which 250 mg 
of kanamycin sulfate has been added per liter 
medium (after autoclaving, from a filter-steril- 
ized stock solution: KAN4 agar). All Sorangium 
strains tested so far are completely resistant to 
kanamycin as well as to neomycin and gentamy- 
cin (H. Reichenbach, unpublished observa- 
tions). Most sorangia grow reasonably well on 
autoclaved (but not on living) E. coli, often 
forming large, delicate swarms (another advan- 
tage of this purification step). Pieces from the 
swarm edge that appear to be uncontaminated 
can be transferred to VY/2 agar. The pure strain 
is reinoculated to filter paper to make sure that 
the desired organism has been isolated. We have 
never observed a Sorangium strain that lost its 
ability to degrade cellulose during isolation. 
Addition of kanamycin initially to the crude cul- 
ture would prevent the appearance of many 
other myxobacteria and, at the outset, select for 
kanamycin-resistant contaminants. 

If the method just described fails, heating of 
the fruiting bodies or treatment with the antibi- 
otic solution may lead to success. If the Sor- 
angium isolate is already relatively pure, it may 
also be transferred to chitin agar (CT7 agar; 
see below) or to cellulose overlay agar (CELS 
agar, see below). Most but not all sorangia also 
decompose chitin and grow relatively quickly, 
producing large swarms on chitin agar with chitin 
as the only carbon, nitrogen, and energy source. 
Large swarms also arise on cellulose overlay 
agar, but development is delayed so that the con- 
taminants have a better chance to predominate. 
On both media, the sorangia penetrate the agar, 
so that sometimes a pure inoculum can still be 
obtained from the deeper layers of the plate even 
though the surface is contaminated. 

CEL3 Agar 

Cellulose powder 0.5% (w/v) 

KNO 3 0.1% (w/v) 

Agar 1.0% (w/v) 

Cellulose powder MN 300 from Macherey and Nagel 
(Duren, Germany) works well. Adjust the pH to 7.2. 
Autoclave the medium. Autoclave the KNO3 separately 
and add when the medium has cooled. Pour as a thin layer 
on top of ST21 agar plates. 

Another strategy often helpful in the purifica- 
tion of sorangia is incubation at 38°C, e.g., on 
KAN4 agar autoclaved E. coli. Most but not 
all strains are able to grow at this temperature, 
sometimes vigorously so, while growth of the 
contaminants is often prevented. 

TESTING FOR PURITY. The final task in 
pure culture isolation is to check for purity of the 
culture. Some swarm material may be streaked 
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on nutrient agar, on which myxobacteria, in con- 
trast to most contaminants, grow only slowly or 
not at all. Other media useful for purity control 
are CY and MYX agar. Although most myxobac- 
teria grow on those media, they are usually easily 
distinguished from nonmyxobacterial colonies. 

MYX Agar 

Glutamate Na 0.5% (w/v) 

Yeast extract (Difco) 0.1% (w/v) 

MgS 04 - 7 H 20 0.1% (w/v) 

Glucose 0.2% (w/v) 

Agar 1.5% (w/v) 

Autoclave glucose separately. Adjust the pH to 7.2. Auto- 
clave the medium. Finally, add the autoclaved glucose to 
the autoclaved medium. 

In addition, some material may be inoculated 
into a liquid medium, e.g., nutrient broth or CAS 
medium, and incubated with shaking for one day 
at 30°C. Under such conditions, myxobacteria 
usually grow in clumps, flakes, or as a ring around 
the glass wall, if at all. Dispersed growth at 
that stage is almost always an indication of 
contamination. 

Myxobacteria can often be differentiated eas- 
ily from other bacteria by their size, cell shape, 
and their inability to swim actively. Thus micro- 
scopic examination will also often quickly reveal 
contaminants, although this is not always reliable 
and requires some experience. 

Counting Myxobacteria in Soil 

The quantitative determination of myxobacteria 
in soil is not likely to give accurate results 
because, in the swarm and in the fruiting bodies, 
the cells are always linked together by slime, and 
in the fruiting bodies, cells are often surrounded 
by the tough walls of the sporangioles. Still, esti- 
mates are possible and have been obtained in the 
following way: Small circular smears (about 2 cm 
in diameter) of a food organism are placed on a 
water agar or a silica gel plate, and each circle 
is inoculated with a small quantity of soil which 
has been carefully homogenized and weighed 
(Singh, 1947). Alternatively, the weighed and 
homogenized soil is made into a paste with ster- 
ile water, and small drops are applied to the ends 
and centers of cross-streaks of a food organism 
on water agar or, for counting cellulose decom- 
posers, to filter paper disks on mineral agar 
(Brockman, 1976). After incubation, the number 
of myxobacteria is calculated from the number 
of swarms and fields of fruiting bodies that have 
developed. Another approach is to add soil 
dilutions to antibiotic cell extract (ACE) agar 
(McCurdy, 1969b). This method has severe limi- 
tations because the medium allows a rapid devel- 
opment of contaminants, and only Myxococcus 
and Corallococcus cells can be counted. Never- 



theless, the numbers that have been obtained are 
sometimes quite impressive. 



ACE Agar (Antibiotic Cell Extract Agar; McCurdy, 
1969b) 



SP medium 

Yeast extract 

Yeast (or E. coli) cells 

Neomycin 

Sulfanilamide 

Cycloheximide 



0.1% (w/v) 
0.5% (dry w/v) 
10 mg/ml 
10 mg/ml 
100 mg/ml 



Add the remaining ingredients to the SP medium (see the 
section Purification by Plating in this Chapter). 



The myxobacteria are detected by their swarm 
morphology and surrounding lysis zones. 



Cultivation 

Contrary to a belief that still seems widely held, 
myxobacteria are not particularly fastidious 
organisms. With the exception of Haploangium, 
all species have been cultivated, and almost all 
can be grown in axenic, pure culture. Of course, 
as with all other organisms, myxobacteria have 
their peculiarities, but no unusual requirements, 
and not even particularly complex ones, have 
been discovered to date. Exotic substrates such 
as the rabbit dung media that were so popular 
for a long time are not necessary. Although they 
were not always easy to develop, fully defined, 
synthetic media have been developed for some 
myxobacteria. In connection with possible com- 
mercial antibiotic production, quite a few myxo- 
bacteria have been cultivated in large-scale 
fermentors (5- 50 m^ and greater), often on tech- 
nical media, such as corn steep powder and soy 
meal. 

Plate Cultures 

Myxobacterial cultures are often incubated for 
extended periods (1-4 weeks) when dehydration 
may occur, so that plates must be poured thicker 
than for the usual bacterial work. Also, a high 
humidity in the incubator is helpful. 

All myxobacteria, including the cellulose 
degraders, seem to grow well on yeast agar (VY/ 
2 agar). The yeast cells are usually decomposed, 
but not always completely and sometimes not 
at all. Vitamin B 12 is occasionally required (e.g., 
by many Polyangium strains) so cyanocobalamin 
is included in this standard medium. Typically, 
on VY/2 agar, gliding motility is considerably 
stimulated, and the swarm colonies tend to 
become very large. Fruiting bodies are often 
formed even after several transfers on VY/2 
agar, although sooner or later most strains cease 
fruiting on this medium as well as on most other 
growth media. Cultures on VY/2 agar are usually 
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rather stable, and most strains need not be trans- 
ferred more often than every 2-3 weeks (30°C). 
The reason is probably that VY/2 agar is rela- 
tively lean, nutrients are only gradually solubi- 
lized, and the pH does not change very much. 
The medium therefore is also well suited for 
stock cultures. 

Another useful medium is CY agar (see the 
section Purification Methods in this Chapter). 
On this medium, growth often is more vigorous, 
but the swarms spread less and may become 
somewhat slimy and often the cells die earlier 
(after 1-2 weeks) because of copious ammonia 
production. The choice of the peptone for media 
of this type is critical. In general, the most suit- 
able products appear to be pancreatic and tryptic 
digests of casein, e.g., Casitone (Difco), tryptone 
(Difco), or peptic digests (Marcor, Merck). But 
other peptones such as soybean peptones can 
also be used. Meat peptones, on the other hand, 
are usually not useful, perhaps because their 
phosphate content is too high. In any case, the 
suitability of a peptone for cultivation of the 
myxobacterial strain must first be tested. How 
critical the quality of the peptone can be is seen 
from the fact that even the specific batch of a 
particular peptone brand may make a difference. 
Thus, for example, not every batch of Difco Casi- 
tone supported successful induction of myx- 
ospore formation with Stigmatella aurantiaca 
(Gerth and Reichenbach, 1978); similar observa- 
tions have also been made with glycerol induc- 
tion of myxospores of Mx. xanthus. Replacement 
of peptone by a total protein hydrolysate, e.g., 
casamino acids (Difco), is often not possible. But 
casamino acids are a perfect N source for Cysto- 
hacter and Sorangium strains. 

Watson and Dworkin (1968) showed that Mx. 
xanthus lacked hexokinase and was unable to 
take up, metabolize, or grow on sugars. This, 
however, cannot be generalized for the myxo- 
bacteria, despite earlier impressions that this 
might be the case. Many myxobacteria are 
known that efficiently metabolize sugars, e.g., 
Stigmatella and Cystobacter. In fact, it seems 
that only the Myxococcus species, Nannocystis, 
and perhaps some Corallococcus strains are 
unable to use carbohydrates. In some cases, e.g., 
certain Corallococcus strains, polysaccharides 
such as starch can be utilized, although no 
mono- and disaccharides can be used. Appar- 
ently the starch is degraded to the trisaccharide, 
which can be metabolized (Irschik and 
Reichenbach, 1985a). Thus, it may sometimes be 
useful to supplement a peptone medium with 
starch or glucose. Another beneficial effect of 
this may be that the pH rises more slowly, so 
that the culture can be maintained for a longer 
time. We have found the following formulations 
useful for plate cultivation: 



CYG2 Agar 

Casitone (Difco) 0.3% (w/v) 

Yeast extract (Difco) 0.1% (w/v) 

CaCl 2 - 2 H 20 0.1% (w/v) 

MgS 04 ' 7 H 20 0.1% (w/v) 

Agar 1.5% (w/v) 

Adjust the pH to 7.2. Autoclave, then add 0.3% (w/v) 
glucose from an autoclaved stock solution. 



STK2 Agar 



Base agar: 

Casitone (Difco) 
Yeast extract (Difco) 
MgS04 • 7 H 2 O 
Agar 



0.1% (w/v) 
0.05% (w/v) 
0.1% (w/v) 
1.2% (w/v) 



Adjust the pH to 7.2. Autoclave the medium and pour 
into Petri dishes. After the agar has solidified, add the 
following top agar. 



Top Agar 

Use the same base agar ingredients, but increase the agar 
concentration to 1.5% (w/v), and prepare the medium in 
about 85% of the final total water volume. In the remain- 
ing water, dissolve (as a percentage of the total volume 
of the top agar) soluble starch (0.2% [w/v]; see below) 
and K2HPO4 (0.02% [w/v]). Heat the starch solution in a 
water bath with stirring and then autoclave to prevent 
clumping of the starch. Combine the two solutions (the 
base agar solution and the starch/K 2 HP 04 solution) after 
autoclaving. 

In the form just described, STK2 agar can be 
used for checking starch degradation. If it is only 
to be used for cultivation, just the top agar (but 
with 1.2% agar) is required. 

The cellulose decomposers utilize NOa" or 
NH/ as the only nitrogen (N) source and can be 
cultivated on simple synthetic media like CK6 
and CA2 agar (see below). They respond favor- 
ably to the addition of an organic N source, such 
as peptone (0. 1-0.2%), but usually they will not 
grow in the absence of a suitable carbohydrate, 
like glucose or starch. Sorangium strains thus can 
also be grown on VY/2, CEL3, and STK2 agar, 
and many strains will grow as well on CT7 agar, 
but for the reasons just mentioned, relatively few 
will grow on CY agar. 



CK6 Agar (Modified from Couke and Voets, 1967) 
Solution A: 

MgS 04 • 7 H 2 O 0.15% (w/v) 

Fe^^ citrate 0.002% (w/v) 

Agar 1.5% (w/v) 

Prepare this solution in 80% of the final water volume. 



Solution B: 

KNO3 0.2% (w/v) 

K2HPO4 0.025% (w/v) 

Prepare this solution in 10% of the final water volume. 



Solution C: 

I Glucose 0.5% (w/v) 

CaCfi • 2 H 2 O 0.15% (w/v) 
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Prepare this solution in 10% of the final water volume. 
After autoclaving, combine the three solutions. 



CA2 Agar (Mullings and Parish, 1984) 

I Base agar: 

Agar 1.5% (w/v) 



Stock solution A: 



KNO3 

K2HPO4 



7.5 g 
7.5 g 



Dissolve these ingredients to give 100 ml. 

Stock solution B: 

MgS04 • 7 H 2 O 1.5 g 
Dissolve to give 100 ml. 



Stock solution C: 
CaCb • 2 H 2 O 



0.27 g 

FeCb 0.15 g 

Dissolve these to give 100 ml. Autoclave. Supplement the 
base agar with 1 % (v/v) of each of the three stock solu- 
tions, 1% (w/v) of glucose (from an autoclaved 20% stock 
solution) and trace elements. 

Since myxobacterial swarms tend to spread 
quickly, cultures are more conveniently kept in 
Petri dishes than on agar slants in tubes. In the 
latter, the swarm edge soon reaches the glass 
surface and the cells dry out and die; also trans- 
fer of sticky, tenacious swarms is easier from 
plates. The plates are inoculated best at one spot 
at the side to give the swarm as much space as 
possible. In large swarms, living cells are often 
found only in a rather narrow band along the 
edge. Therefore, the inoculum should always be 
taken from the edge, at least as long as there are 
no fruiting bodies in the interior zone. Many 
myxobacteria of the suborder Sorangineae tend 
to penetrate deeply into the agar, in which case 
an agar strip has to be cut out and used as an 
inoculum. 



Viable Counting 

Accurate viable counts are possible only with 
strains that grow in a dispersed fashion in liquid 
media. Plating efficiency has to be tested for 
every strain. Given below are some media that 
allow plating efficiencies close to 100%: CT and 
CTT agar for Mx. xanthus FB; PT agar for Mx. 
fulvus Mx f2; and SG agar for Sg. aurantiaca Sg 
al. CF (clone-fruiting) agar supports the forma- 
tion of colonies from single cells of Mx. xanthus, 
with the subsequent production of fruiting bod- 
ies (Hagen et al., 1978). If a plating medium is 
not satisfactory for a specific strain, usually a 
modification of the peptone and ion concentra- 
tions or the addition of some yeast extract will 
make it suitable. 



CT Agar (Dworkin, 1962) 

Casitone (Difco) 2% (w/v) 

MgS 04 • 7 H 2 O 8 mM 

Potassium phosphate buffer, pH 7.2 0.01 M 

Agar 2% (w/v) 

Autoclave MgS 04 • 7 H 2 O separately. 

A variation of the pH sometimes improves 
the results; a pH of 7.6 is closer to the opti- 
mum than is 7.2 (H. Reichenbach, unpublished 
observations). 

CTT Agar (Bretscher and Kaiser, 1978) 

Casitone (Difco) 1% (w/v) 

MgS 04 • 7 H 2 O 8 mM 

Potassium phosphate buffer, pH 7.6 1 mM 

Tris buffer, pH 7.6 10 mM 

Agar 1.5% (w/v) 

For semisolid media, agar is at 0.6% (w/v). Autoclave the 
medium. 

PT Agar (for Mx. fulvus Mx f2) 



Casitone (Difco) 
Yeast extract (Difco) 
MgS04 • 7 H 2 O 
CaCb • 2 H 2 O 
Agar 



0.4% (w/v) 
0.4% (w/v) 
0.2% (w/v) 
0.1% (w/v) 
1.5% (w/v) 



Adjust the pH to 7.2. Autoclave the medium. 

SG Agar (Gerth, 1975) 

Casitone (Difco) 1.5% (w/v) 

MgS 04 • 7 H 2 O 0.1% (w/v) 

CaCb • 2 H 2 O 0.2% (w/v) 

Agar 1.5% (w/v) 

Adjust the pH to 7.0. Autoclave the medium. 

CF Agar (Hagen et al., 1978) 

Casitone (Difco) 0.015% (w/v) 

Na pyruvate 0.1% (w/v) 

Na citrate 0.2% (w/v) 

(NH 4 ) 2 S 04 0.02% (w/v) 

MgS 04 • 7 H 2 O 8 mM 

Potassium phosphate buffer, pH 7.6 1 mM 

Tris buffer, pH 7.6 10 mM 

Agar 1.5% (w/v) 

Autoclave the medium. 

Excellent viable counts, e.g., for survival 
curves after treatment with mutagens, have been 
obtained by us with Mx. fulvus Mx f2 and Sg. 
aurantiaca Sg al by adapting a miniaturized 
counting technique recommended by Sharpe 
and Kilsby (1971). One of the plating media 
mentioned above is prepared with a reduced 
agar concentration of 0.6% (w/v). The bacteria 
are diluted directly in this soft agar at 40°C, and 
0.1 -ml drops of appropriate dilutions are put into 
Petri dishes, covered with a drop of sterile agar 
of the same composition, and incubated at 30°C. 
Note that vegetative cells of Mx. xanthus, and 
perhaps other myxobacteria as well, are sensitive 
to temperatures higher than 43°C. Microcolonies 
are counted under a dissecting microscope. Up 
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to 150 colonies per drop can easily be counted 
(H. Reichenbach and M. Dworkin, unpublished 
observations). The method has several advan- 
tages. Without difficulty, 40 drops can be placed 
into one Petri dish, using the bottom and the lid. 
Besides enormous economy in materials and 
incubator space, results are obtained earlier 
(after 3-4 days instead of 5-8 days) and with 
superior accuracy (more replicates, e.g., 5 instead 
of 3); less divergence between replicates; and a 
better chance to hit the optimum dilution step, 
because a wide interval of dilution steps can 
conveniently be plated. Plating efficiency can 
be 100%. Tlie peripheral drops often show a 
reduced colony count, probably because they dry 
more easily. Therefore a ring of sterile agar drops 
should be placed around the edge of the plate. 

Production of Fruiting Bodies in Culture 

Usually, fruiting bodies are not produced on 
media that allow good growth. High nutrient 
concentrations seem to repress the fruiting pro- 
cess. As already mentioned, on VY/2 agar, fruit- 
ing bodies are often produced during several 
transfers, but a vegetatively propagated strain 
normally stops fruiting soon after isolation and 
often cannot be made to fruit again. The reason 
for this is not really understood; perhaps there is 
a selection for nonfruiting variants. In several 
cases, induction conditions for fruiting have been 
found for certain individual strains. Such strains 
reliably form fruiting bodies even after many 
transfers of purely vegetative growth, but other 
strains of the same species usually do not 
respond to the same conditions. With freshly iso- 
lated strains, fruiting can often be induced by 
transferring swarm material from a lean growth 
medium, like VY/2 agar, to plain water agar 
(WAT agar) or to sterile hlter paper pads on 
water agar. Also, fruiting may continue for some 
time on streaks of living E. coli cells on water 
agar. The nutrients carried over from the growth 
medium and the low nutrient level provided by 
the lysing E. coli cells, respectively, allow reason- 
able growth for some time, leading to sufficiently 
high cell densities; the subsequent more-or-less 
abrupt depletion of nutrients then somehow trig- 
gers development. The need for a high popula- 
tion density for fruiting has been established 
for several myxobacteria, e.g., Mx. xanthus 
(Wireman and Dworkin, 1975) and Cm. apicula- 
tus (H. Reichenbach, unpublished observations). 

Using some simple tricks, myxobacterial 
strains can sometimes be maintained in the fruit- 
ing state for a long period. We were able to do 
so with Sg. aurantiaca over a period of years by 
storing the strain in the form of fruiting bodies 
on WAT agar at room temperature (20°C). After 
2-3 months, when the culture began to dry out. 



the fruiting bodies were inoculated to VY/2 agar 
and incubated at 30°C. The resulting swarms 
were immediately reinoculated to WAT agar, 
incubated for a few days at 30°C, during which 
time the organism began to fruit again, and then 
stored at room temperature as before. One or 
two more transfers to VY/2 agar were possi- 
ble, but after that the strain failed to produce 
fruiting bodies. This procedure of cycling the 
culture between rich media that support growth 
and lean media that induce fruiting body forma- 
tion will probably work with many different 
myxobacteria. 

With several Chondromyces species (Cm. api- 
culatus, Cm. crocatus, Cm. pediculatus and Cm. 
lanuginosus), we have obtained fruiting bodies 
when the organism was kept in a mixed culture 
with cellulose degrading bacteria (not myxobac- 
teria) on hlter pads placed on ST21 agar plates. 
The cultures are incubated in the light (on the 
bench top in the laboratory) at room tempera- 
ture (20-24°C). Transfers are made every 3-4 
weeks by inoculating macerated cellulose and 
Chondromyces fruiting bodies together onto 
fresh hlter pads on ST21 agar. Within 4-5 days, 
new fruiting bodies appear. Using this proce- 
dure, several of our strains have continued to 
produce dense populations of fruiting bodies 
over a period of years (H. Reichenbach, unpub- 
lished observations). The method can also be 
used with pure cultures of Chondromyces. The 
swarm material is simply inoculated into a devel- 
oping culture of a cellulose degrader. While 
Polyangium strains often form fruiting bodies 
with this procedure, myxobacteria of the subor- 
der Cystobacterineae rarely do so. In general, a 
slightly reduced temperature (24-28°C) seems to 
favor fruiting. Also, in two cases, a requirement 
of light for fruiting body differentiation has 
been demonstrated — with Cm. apiculatus 

(Reichenbach, 1974a, b) and with Sg. aurantiaca 
(Qualls et al., 1978). 

Chamber Cultures 

For the study of the social behavior of myxobac- 
teria and of morphogenetic events, chamber cul- 
tures that can be observed and followed under 
the microscope are extremely useful. Figure 4 
illustrates one procedure for making such 
cultures. 

Liquid Cultures 

If a freshly isolated myxobacterial strain is cul- 
tured for the hrst time in a liquid medium in a 
shake flask, the bacteria almost always grow in 
the form of flakes and nodules and as a him along 
the glass wall. In static cultures, they grow as a 
sheet on the glass in the upper parts of the vessel 
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Fig. 4. Method for making a chamber culture; a) Coat a sterile cover slip (e.g., 40 x 22 mm) with a thin agar layer. The molten 
agar is applied with a Pasteur pipette; the hotter the agar, the thinner the resulting layer, b) Using a sterile scalpel, remove 
the agar layer along the edges of the cover glass, c) Inoculate the agar film, d) Mount the cover slip with the agar layer 
downward on a sterile slide; tiny pieces of glass from a broken microscopic slide are used as supports, e) Seal the chamber 
carefully with a molten mixture of paraffin and Vaseline (2 : 1) and incubate at a suitable temperature. From Heunert (1973). 



and as a pellicle along the surface of the liquid. 
However, if repeated transfers are made from 
shake cultures, preferentially using the super- 
natant as an inoculum, strains that grow in a 
dispersed fashion may be obtained. While with 
many strains only a few such transfers are 
required, other strains may resist dispersed 
growth completely. Thus, for example, while 
most strains of Myxococcus can eventually be 
grown in dispersed culture, we once transferred 
a strain of Mx. fulvus for months in a variety of 
liquid media without ever observing the slightest 
inclination to dispersed growth (H. Reichen- 
bach, unpublished observations). Cells of most 
members of the suborder Sorangineae show a 
strong tendency to stick together, and in spite of 
many attempts, we have never been able to get 
Chondromyces, Polyangium and Nannocystis to 
grow homogeneously in liquid cultures. Tlie best 
that could be achieved was growth as tiny flakes 
with Nannocystis and Polyangium. With Sor- 
angium, however, we have been able to select 
many completely dispersed strains. The list of 
myxobacteria that have been grown in a dis- 
persed fashion is very long by now and, with 
the exception of the last-mentioned organisms, 
comprises virtually all taxa. However, even the 
recalcitrant species, which do not grow in a com- 



pletely dispersed fashion, can at least be culti- 
vated in suspension in liquid medium. 

The main factor that determines whether Mx. 
xanthus cells will grow in clumps is the ability to 
produce an extracellular matrix composed of 
fibrils (Arnold and Shimkets, 1988a; Dworkin, 
1999). Loss of type IV pili because of a pilA 
mutation, which encodes the major structural 
pilin subunit, also eliminates clumping (Wu et al., 
1997), but this may be due to the fact that pilus 
mutants are often severely restricted in fibril syn- 
thesis. Fibril formation is also required for diva- 
lent cation-dependent agglutination (Shimkets, 
1986), which is thought to mimic clumping in 
culture. The Sorangineae, which persistently fail 
to grow in a dispersed state, produce a slime that 
is chemically different from that of the Cystobac- 
terineae (as shown by Congo red adsorption to 
the slime of the latter, but none to the slime of 
the former; McCurdy, 1969b). Thus, in the case 
of this group of the myxobacteria, the nature of 
the excreted slime may play a role in determining 
their mode of growth. 

A homogeneously growing strain may start to 
clump again if growth conditions are changed, 
e.g., in a medium of different composition. Thus, 
cells of Sg. aurantiaca Sg al, a strain that grows 
in a dispersed fashion, form tiny nodules if CaCb 
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is added to the medium. Freshly isolated 
Cystobacter fuscus cultures grow homogeneously 
when inoculated into a casamino acids medium, 
but produce nodules and flakes for many trans- 
fers in Casitone medium. Cells of Sorangium 
cellulosum strain So cel4 yield a homogeneous 
suspension when shaken overnight in Casitone 
medium (in which they cannot grow, however); 
when reinoculated into AMB growth medium, 
they produce nodules again. In this connection, 
although the myxobacteria are the classical 
“slime bacteria” {myxo is a combining form 
meaning “slime”), they do not produce copious 
amounts of slime, either on plates or in liquid 
media, which rarely become recognizably vis- 
cous. Only on certain agar media is a larger 
quantity of slime sometimes seen, e.g., with So. 
cellulosum on CA2 agar. 

To facilitate the transition to dispersed growth, 
the addition of 0.1% agar to the liquid medium 
has been suggested (Schiirmann, 1967). The agar 
forms tiny flakes that float in the liquid and are 
colonized by the myxobacteria. However, the 
selection of truly dispersed strains is not notice- 
ably speeded up by this procedure. Sometimes 
replacing the usual rotary shaker with a recipro- 
cating shaker is helpful, since the slime sheets are 
broken up more efficiently on the latter, and the 
transition to dispersed growth may be faster, 
although patience is still required (K. Gerth, per- 
sonal communication). 

Liquid media used for cultivation of myxobac- 
teria are of the same general composition as the 
agar media mentioned above (see the sections 
Direct Isolation and Purification in this Chapter), 
but the nutrient requirements stand out more 
clearly in liquid media, and the organisms 
respond almost immediately to inadequacies of 
the medium. The prototype for the bacteriolytic 
myxobacteria is CT liquid medium, which was 
designed to provide the most rapid growth (3.5- 
h doubling time), maximum cell yield (4-5 x 10^ 
cells/ml), and uniform cell suspension of Mx. xan- 
thus FB (Dworkin, 1962; the medium has the 
same composition as the CT agar described in 
the section Viable Counting, only without the 
agar). However, most other myxobacteria grow 
better when the peptone concentration is 
reduced, as in CAS medium and in MDl medium 
(see below). The latter medium was originally 
developed for Nannocystis, but it is also often 
useful for Archangium, Melittangium and Cysto- 
bacter. Also, in many cases it is superior for 
starting liquid cultures with newly isolated strains. 

CAS Medium 

Casitone (Difco) 1% (w/v) 

MgS 04 ' 7 H 20 0.1% (w/v) 

Do not adjust the pH (which is 6.8) if Difco Casitone is 

used. Autoclave the medium. 



MDl Medium (Behrens et al., 1976) 



Casitone (Difco) 
CaCb • 2 H 2 O 
MgS04 • 7 H 2 O 
Cyanocobalamin 
Trace elements 



0.3% (w/v) 

0.07% (w/v) 

0.2% (w/v) 

0.5 mg/ml 

(see the section Isolation of 
Cellulose Decomposers in this 
Chapter) 



Do not add vitamin solution for most strains. Autoclave 
the medium. 



What has been said about the choice of pep- 
tone in agar media holds also for liquid media. 
For many myxobacteria, the addition of glucose 
(0.2-0.5%), starch, or another useful sugar to the 
peptone medium may be favorable. In general, 
the organisms do not grow faster with the carbo- 
hydrate, but they grow for a longer time, and 
they reach a higher cell density; also, the rise of 
the pH is delayed, so that the culture becomes 
more stable. 

As already mentioned, some myxobacteria, 
e.g., Cystobacter strains, grow well on casamino 
acids, e.g., in CAC medium. 

CAC Medium 

Casamino acids, vitamin-free (Difco) 

Sodium glutamate 
MgS04 • 7 H 2 O 
Cyanocobalamin 
Trace elements 

After autoclaving, complement the medium with 0.5% 
(w/v) glucose and 0.5 mM phosphate buffer (pH 6.5) from 
autoclaved stocks. 



0.2% (w/v) 
0.3% (w/v) 
0.1% (w/v) 
0.5 mg/ml 



Stigmatella aurantiaca Sg al5 can be cultivated 
in the following defined medium: 



STG Medium (Kunze et al., 1984) 



Casamino acids, vitamin-free (Difco) 

MgS04 • 7 H 2 O 

(NH4)2S04 

CaCb • 2 H 2 O 
Phosphate buffer, pH 7.0 
Trace elements 
Vitamins (see earlier) 



0.1% (w/v) 
0.1% (w/v) 
0.1% (w/v) 
0.05% (w/v) 
1 mM 



Autoclave. Complement the medium with 0.5% (w/v) 
glucose from an autoclaved stock solution. Alternatively, 
fructose, maltose, starch, or dextrin 10 could also be used. 



The cost of the medium is of considerable 
importance when large-scale culture is necessary. 
Many myxobacteria have been cultivated on 
various technical media, like corn steep powder, 
maize gluten, soy meal, skim milk, or yeast cells 
(Gerth et al., 1983; Kunze et al., 1984; Kunze et 
al., 1985; Kunze et al., 1987). Zein medium is an 
example of a production medium. 

Zein Medium (Kunze et al., 1987) 

Zein (maize gluten, Maizena, 1 % (w/v) 

Hamburg, Germany) 

Peptone from casein 0.1% (w/v) 

(Merck, Darmstadt, Germany) 

MgS04 • 7 H 2 O 



0.1% (w/v) 
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I The casein peptone is tryptic digested. Adjust the pH to 
7.3. Autoclave the medium. 

All myxobacteria of the bacteriolytic type rely 
totally, or to a large extent, on peptides and 
amino acids for nitrogen, carbon and energy. 
As a consequence, relatively large quantities of 
ammonia are released, which (by regulatory 
mechanisms and by making the medium alka- 
line) seriously limits growth and productivity. 
Thus, in cultures of Mx. virescens Mx v48, con- 
centrations of 35-42 mM NH/ and more were 
measured in the culture supernatant and were 
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80-140 mM within the cells (Gerth and Reichen- 
bach, 1986). On-line extraction of ammonia 
from a laboratory fermentor via hydrophobic- 
membrane hollow fibers maintained the NH/ 
concentration in the medium between 3 and 
7.5 mM with dramatic effects: the generation 
time was lowered from about 4 to 2 h, the cell 
density increased by 233%, and the yield of the 
antibiotic myxovirescin rose from 8 to 115 mg/ 
liter (K. Gerth, personal communication). 

For a few strains of bacteriolytic myxobacte- 
ria, fully defined, synthetic media have been 
developed. Examples are given in Table 2. Gen- 



Table 2. Composition of five fully defined, synthetic media for bacteriolytic myxobacteria. 



Mx. xanthus FB 




Ar. violaceum 


Cb. fuscus/Cb. ferrugineus 


Component 


S medium'’ 


Ml medium'' 


A1 medium'' 


medium® 


Hpl6 medium^ 


L-Ala 


50 


1000 


— 


50 


— 


L-Arg 


100 


100 


— 


100 


— 


L-Asn 


500 


500 


100 


100 


— 


L-AspK 


— 


— 


5000 


— 


— 


L-Cys 


— 


100 


— 


— 


— 


L-Glu-Na 


— 


— 


— 


1000 


— 


L-Gln-Na 


— 


— 


— 


— 


1000 


L-Gly 


50 


100 


— 


50 


— 


L-His 


50 


100 


— 


50 


— 


L-Ile 


500 


1000 


100 


300 


40 


L-Leu 


1000 


2000 


50 


500 


— 


L-Lys 


250 


500 


— 


150 


— 


L-Met 


50 


500 


10 


50 


— 


L-Phe 


— 


1000 


100 


— 


40 


L-Pro 


500 


1000 


— 


250 


— 


L-Ser 


100 


200 


— 


100 


— 


L-Thr 


100 


100 


— 


100 


— 


L-Trp 


50 


1000 


— 


— 


— 


L-Tyr 


600 


400 


— 


500 


— 


L-Val 


100 


200 


100 


100 


— 


Djekolic acid 


100 


— 


— 


— 


— 


Glycogen 


3000 


— 


— 


— 


— 


D -Glucose 


— 


— 


— 


— 


5000 


Na pyruvate 


— 


— 


5000 


— 


— 


Spermidine-3HC1 


— 


— 


125 


— 


— 


Cyanocobalamin 


— 


— 


1 




— 


(NH4)2S04 


— 


— 


5000 




— 


MgS04'7H20 


2000 


200 


2000 


200 


1000 


Ca3(P04)2 


— 


— 


— 


20 


— 


CaCb 


— 


2 


1.1 


— 


— 


KCl 


— 


— 


— 


20 


— 


NaCl 


— 


200 


— 


— 


— 


FeCl3-6H20 


— 


2 


2.7 


— 


— 


KH2PO4 


— 


140 


— 


— 


— 


Phosphate buffer 


A 


— 


B 


— 


c 


Tris buffer 


— 


A 


A 


D 


— 


Trace elements 


— 


— 


— 


— 


1 ml/liter 



Abbreviations: — , Omg/ml; A, lOmM, pH 7.6; B, ImM, pH 7.6; C, 0.5 mM, pH 6.5; and D, 20mM, pH 7.5. 

"“In mg/ml. 

'’From Dworkin (1962). 

Trom Witkin and Rosenberg (1970). 

''Minimal medium: from Bretscher and Kaiser (1978). 

Trom Mayer (1967). The organism is now called ''Cystobacter violaceus.” 

^Reichenbach (1984a) and H. Reichenbach (unpublished observations). Some strains also require thiamine and/or biotin 
when grown in this minimal medium. 
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eration times increase substantially in such 
media. Thus, with Mx. xanthus FB, the doubling 
times were 3.5 h in CT medium, 8 h in S medium, 
and 6.5 h in Ml medium, 6.5 h in Ml medium 
without lysine, 9.5 h in Ml medium without thre- 
onine, and 11.5 h in Ml medium without lysine 
and threonine (Filer et al., 1973). 

The cellulose degraders can be cultivated 
on very simple media, such as CKl or CK6 
medium (see below). The addition of a small 
quantity of peptone, e.g., 0.05% (w/v) peptone 
from a tryptic digest of casein (Merck, Darms- 
tadt, Germany), usually improves growth and 
keeps the cells in the dispersed state, whereas 
without peptone they sometimes form cell clus- 
ters or tiny clumps (Irschik et al., 1987). Media 
with peptone as the only N source usually also 
allow good growth, e.g., AMB medium. 



CKl Medium (Kleinig et al., 1971; modified from 
Couke and Voets, 1967) 



MgS04 • 7 H 2 O 

CaCfi • 2 H 2 O 

Fe^^-citrate 

KNO3 

K2HPO4 

Glucose 



0.3% (w/v) 
0.18% (w/v) 
20 mg/liter 
0 . 2 % (w/v) 
0.025% (w/v) 
1 % (w/v) 



Autoclave nitrate and phosphate together and CaCb and 
glucose together and separate from the other ingredients 
Then add the three solutions when cooled. 



CK6 Medium (Irschik et al., 1987; modified from 
Couke and Voets, 1967) 



MgS04 • 7 H 2 O 
CaCfi • 2 H 2 O 
FeCfi • 7 H 2 O 
KNO3 
K2HPO4 
Glucose 



0.15% (w/v) 
0.15% (w/v) 

8 mg/liter 
0 . 2 % (w/v) 
0.025% (w/v) 
0.5% (w/v) 



Autoclave nitrate and phosphate together and CaCb and 
glucose together and separate from the other ingredients. 
Then add the three solutions when cooled. 



AMB Medium (Ringel et al., 1977) 



Soluble starch 
Casitone (Difco) 
MgS04 • 7 H 2 O 
K2HPO4 



0.5% (w/v) 
0.25% (w/v) 
0.05% (w/v) 
0.025% (w/v) 



Autoclave the medium. 



MDl medium (see above) can also be used for 
cellulose degraders if it is supplemented with 
0.1% (w/v) glucose or soluble starch (Irschik et 
al., 1987). Some strains can grow in liquid media, 
like CB medium containing Casitone as the only 
C, N, and energy source (Sarao et al., 1985), but 
this must be exceptional because none of the 
many Sorangium strains we have tested would 
do so. 

CB Medium (Casitone Broth; Sarao et al., 1985) 

I Casitone (Difco) 0.25% (w/v) 

MgS 04 • 7 H 2 O 0.05% (w/v) 

K 2 HPO 4 0.0025% (w/v) 



For liquid cultures of myxobacteria, ordinary 
Erlenmeyer flasks are perfectly satisfactory as 
culture vessels. For agitation, a rotary shaker 
at about 150 rpm is sufficient. As the oxygen 
demand of myxobacteria is rather moderate, 
flasks with baffles give little or no improvement 
in growth and actually are unfavorable with 
peptone-containing media because they produce 
too much foam. Several types of antifoam can be 
used with myxobacteria, but the type of antifoam 
acceptable in a certain situation and tolerated by 
a specific strain must always be tested first. We 
have found that with small culture volumes 
and limited foaming, a few drops of a 0.5% (w/ 
v) cholesterol solution in acetone works well. In 
fermentors, as a rule, more efficient antifoams 
must be applied (Mizrahi et al., 1977; Ringel et 
al., 1977). We have had good results in many 
different myxobacterial fermentations with 
polyoxypropylene-based antifoams at 0.02- 
0.03% (w/v), for instance, of antifoam agents 
LB625 and M115 (both from Brenntag, Mul- 
heim/Ruhr, Germany; Gerth et al., 1980; Irschik 
et al., 1983b), or with silicone antifoam agent at 
0.005-0.02% (w/v; Merck, Darmstadt, Germany; 
these sometimes require further additions later 
during fermentation; Irschik et al., 1983a; Kunze 
et al., 1984; Kunze et al., 1985). Many, but not all, 
myxobacteria can be cultivated in the presence 
of an Amberlite adsorber resin, e.g., with 1% 
XAD-1180 (Rohm and Haas, Darmstadt, Ger- 
many; e.g., Gerth et al., 1983; Kunze et al., 1985). 
This strategy often is extremely useful for the 
production and recovery of secondary metabo- 
lites that are excreted by the cells. 

Mass cultivation of myxobacteria in fermen- 
tors has not presented any serious problems. 
Mechanical stress seems not to be a limiting fac- 
tor. If no continuous control and regulation of 
culture parameters is required, cultivation in 
large flasks (10-15 liters) also gives excellent 
results. The flasks are aerated with three air out- 
lets of sintered glass at the ends of silicone tub- 
ing, which are lowered to close to the bottom of 
the vessel. The aeration produces enough turbu- 
lence in the liquid so that additional stirring is 
unnecessary. The appropriate temperature is 
achieved by placing the flask in an incubation 
room or by connecting a length of silicone tubing 
coiling within the culture broth to a thermostat 
with a pump. With such an inexpensive system, 
yields on the order of 8-12 g cells/liter (wet 
weight, corresponds to 2-3 g of dry weight) can 
be obtained. 

Cultivation in commercial fermentors permits 
the continuous monitoring of various culture 
parameters and allows them to be balanced and 
controlled. Although the optimum conditions 
depend on the type of fermentor used, the strain, 
and the medium, some generalizations are possi- 
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ble: In fermentations on the scale of 50-5000 
liters, typical aeration rates are between 0.01 and 
0.2 liter air per liter of medium per min, which, 
with stirring rates between 150 and 650 rpm, 
result in oxygen levels between 90 and 100% 
saturation (Mizrahi et al., 1977; Gerth et al., 
1980; Gerth et al., 1982; Gerth et al., 1983; Irschik 
et al., 1983b; Irschik et al., 1983a; Irschik et al., 
1987; Kunze et al., 1984; Kunze et al., 1985, 
Kunze et al., 1987). In a special study on myx- 
ovirescin production with Mx. virescens Mx v48 
with fed-batch fermentations in a peptone 
medium, a cell yield of 0.5 g (dry weight) per g 
oxygen consumed and of 0.31 g per g peptone 
was obtained (Nigam et al., 1984). The oxygen 
consumption was 6.25 g of O 2 per liter of culture 
in 55 h. Respiration quotients between 0.3 and 
1.3 mol of CO 2 per mol of O 2 were calculated 
under different culture conditions, with values of 
0. 8-1.0 during logarithmic growth. The maxi- 
mum dry weight yield was 3.1 g/liter. The specific 
growth rate, m, varied between 0.05 and 0.12/h 
during exponential growth, depending on the 
feeding rate. 

Other types of special fermentations have also 
been performed with myxobacteria; for instance, 
continuous cultures of Mx. virescens Mx v48 
have been achieved in a chemostat with on-line 
extraction of myxovirescin in a vortex chamber 
(Hecht et al., 1987), and fermentations have 
been established with alginate-immobilized 
cells (Younes et al., 1984; Younes et al., 1987; 
Vuillemard et al., 1988). Cells of So. cellulosum 
So cel2 immobilized in 1-mm alginate beads are 
extremely stable and could be maintained in 
fermentors under continuous exchange of the 
medium for up to 75 days before the cells degen- 
erated (Becker, 1990; K. Becker, personal com- 
munication). The system allowed the production 
conditions for the antibiotic sorangicin to be 
defined more clearly, and under optimal condi- 
tions, volume/time yields are five times higher 
than those measured with suspended cells in 
batch cultures. 

When fermentations are started with an inoc- 
ulum of 5-10% (v/v), the results are almost 
always satisfactory. Sometimes the age of the 
inoculum is a critical factor, and beyond a cer- 
tain, relatively early stage but still within the log- 
arithmic phase, the cells will start to grow only 
after a long and erratic lag period or not at all. 
This has been observed with Polyangium and 
Sorangium strains (H. Reichenbach, unpub- 
lished observations). 

Under optimal growth conditions the doubling 
times of myxobacteria are between 3.5 and 15 h, 
with the members of the suborder Sorangineae 
comprising the most slowly growing myxobacte- 
ria. Cell densities of up to 10^^/ml can be reached, 
for example, with So. cellulosum. Cell mass 



CHAPTER 3.4.3 

yields are in the range of 4-12 g of wet weight 
per liter (e.g., Irschik et al., 1983b; Irschik et al., 
1983a; Irschik et al., 1985b). The dry mass is 20- 
25% of the wet weight. 

The pH range for growth is rather narrow, 
approximately 6.5-8.5; in general, there is no 
good growth below a pH of 6.6 or above pH 8.0. 
While some of the cellulose decomposers will 
grow at a pH down to about 5.0 (Krzemien- 
iewska and Krzemieniewski, 1937a; Couke and 
Voets, 1967), below pH 5.8, growth is marginal 
(H. Reichenbach, unpublished observations). As 
with other bacteria, the pH in myxobacterial 
cultures can be stabilized by adding a buffer. 
HEPES and 3-[A-morpholino]propanesulfonic 
acid (MOPS) buffers (50 mM) are well tolerated 
by many myxobacteria, and Tris may also be 
used. (Note that many of the media formulations 
do not contain phosphate; the low amount of 
phosphate contained in the peptones — in a 0.2% 
[w/v] solution of peptone from casein, 0.5 mM 
phosphate was present [Becker, 1990] — is usu- 
ally sufficient to satisfy the phosphate require- 
ment of myxobacteria.) 

The temperature optimum for growth is usu- 
ally between 32 and 36°C, and there is a sharp 
maximum around 38°C. The minimum is less 
clear. Myxococcus xanthus FB grew exponen- 
tially with a generation time of 14 h at 14°C, the 
lowest temperature tested (Janssen et al., 1977); 
the lower limit for cellulose decomposition by 
two Sorangium strains was found to be 11°C 
(Krzemieniewska and Krzemieniewski, 1937a). 
Myxococcus fulvus Mx f2 grows, albeit slowly, 
at 6°C. However, other myxobacteria obviously 
have a different temperature range: The psy- 
chrophilic myxobacteria from Antarctica have 
already been mentioned (Dawid et al., 1988), 
and at the other end of the scale, strains otArch- 
angium, Polyangium and Sorangium that are 
able to grow at 40°C have been known for some 
time (McCurdy, 1969b). About 70% of the Sor- 
angium strains grow at 40°C and about 80% at 
38°C. A variety of other myxobacteria can grow 
at these somewhat elevated temperatures, 
e.g., most Polyangium, many Archangium, 
Cystobacter, Chondromyces and some Mx. 
virescens strains, but usually not Mx. fulvus and 
Corallococcus. 

Most myxobacteria do not require vitamins 
when growing in the usual complex media, but, 
as already mentioned, a vitamin dependence, 
usually for thiamine or biotin or both, may 
develop when the organism is transferred to a 
minimal medium. Stigmatella aurantiaca Sg al5 
needs both thiamine and B 12 (Kunze et al., 1984); 
Bi 2 dependence is not unusual and has also been 
observed with many Polyangium (but not with 
Sorangium), some Nannocystis, and one strain of 
Corallococcus macrosporus. 



CHAPTER 3.4.3 



The Myxobacteria 57 



The mineral requirements of myxobacteria are 
similar to those of other bacteria. Myxobacteria 
seem to need relatively high concentrations 
(the optimum is often around 5-10 mM, equiva- 
lent to 0.075-0.15% MgS 04 • 7 H 2 O). Sorangium 
strains require Ca^^ as well and grow better on 
media with Ca^^ than with Mg^^ (McCurdy, 
1969b). The addition of Co^^ sometimes has a 
stimulating effect (Ringel et al., 1977; Gerth et 
al., 1982). Myxococcus xanthus is sensitive to 
elevated concentrations of monovalent cations 
(Mason and Powelson, 1958), and the salt toler- 
ance of myxobacteria is generally low. An excep- 
tion is Mx. virescens, which seems to form 
fruiting bodies better when 0.5% (w/v) NaCl 
is added to the medium (Riickert, 1978). This 
organism can still grow on media containing 1% 
NaCl, although at a clearly reduced rate, and, in 
fact, it can be selectively isolated on streaks of 
E. coli on WCX agar at that salt concentration. 

Usually, myxobacterial cultures are kept in the 
dark or, in an incubation room, under continuous 
illumination. As already mentioned, some myx- 
obacteria produce fruiting bodies only when the 
cultures are illuminated. Also, a phototactic 
behavior has been reported for some myxobac- 
teria (Aschner and Chorin-Kirsch, 1970). Illumi- 
nated cultures often are much more deeply 
colored than those grown in the dark because 
carotenoid synthesis is induced by light 
(Burchard and Dworkin, 1966b). As color is 
sometimes a taxonomically relevant characteris- 
tic, cultures used for taxonomic work should at 
least be intermittently illuminated. 

Isolation of Mutants 

Mutant strains of myxobacteria can be isolated 
without difficulty provided strains capable of dis- 
persed growth and procedures for obtaining a 
high plating efficiency are available. A-Methyl- 
A'-nitro-A-nitrosoguanidine (NTG) is often (but 
not always) an excellent mutagen for myxobac- 
teria. The useful concentration range is 50- 
150 pg NTG/ml when the cultures are treated for 
1 h. Also UV irradiation has successfully been 
used to obtain mutants. However, in contrast to 
NTG, UV was ineffective in generating caro- 
tenoid mutants in Mx. fulvus Mx f2. Further 
details on the application of different mutagens 
and a comparison of their effects on a variety of 
myxobacteria can be found in the literature (e.g., 
Burchard and Parish, 1975; Hodgkin and Kaiser, 
1977; Grimm, 1978). 

In recent years, transposon insertion mutagen- 
esis has enjoyed particular favor because of the 
ease in identifying the gene containing the muta- 
tion. Transposon insertions have been generated 
with Tn5 (Kuner and Kaiser, 1981), Tn5 lac con- 
taining a lacZ reporter (Kroos and Kaiser, 1984), 



TnU containing an origin of replication (Furuichi 
et al., 1985), and magellan-4 (Youderian et al., 
2003). Transposon mutagensis typically employs 
a suicide vector that is introduced by specialized 
transduction with coliphage PI (Shimkets et al., 
1983), conjugation with RP4 (Breton et al., 
1985), or electroporation (Kashefi and Hartzell, 
1995). 

One typically mutagenizes cells and then 
screens for a particular phenotype of interest. 
One can also take the opposite approach and 
eliminate specific genes whose sequences are 
known. Mutations can be introduced in a 
directed way by homologous insertion of a non- 
replicating circular DNA molecule containing a 
small portion of a gene lacking both 5' and 3' 
coding sequences (Shimkets and Asher, 1988). 
Integration of a truncated gene inactivates that 
gene and any genes following it in the same 
transcriptional unit. Such systematic mutagene- 
sis has already been applied to a large cosmid 
(Lancero et al., 2002). Tlie genome sequences of 
Mx. xanthus and So. cellulosum are now com- 
plete. This will facilitate the directed mutagenesis 
approach. 

Preservation Methods 

Vegetative cultures of myxobacteria on agar 
plates kept at room temperature or at 30°C will 
usually remain viable for about 2-3 weeks. Stor- 
age of such cultures at 4°C leads to a rapid loss 
of viability. 

If fruiting bodies are produced, the cultures 
remain viable for a much longer time. One has 
to be certain, however, that the fruiting bodies 
do indeed contain myxospores, since under some 
conditions the fruiting bodies are empty or con- 
tain only vegetative cells. 

Storage in the Form of Desiccated 
Fruiting Bodies 

Pieces of agar that contain fruiting bodies can be 
placed on sterile filter paper in an empty Petri 
dish, dried in an evacuated desiccator, and stored 
as such for years. This method is especially useful 
with myxobacteria such as Nannocystis, whose 
fruiting bodies are mainly located within the 
agar. 

Alternatively, vegetative cells can be trans- 
ferred from a suitable growth medium, prefera- 
bly VY/2 agar, to small rectangles (about 1.5 x 3 
cm) of sterile filter paper on water (WAT) agar, 
and the cultures are incubated at 28°C. Usually, 
large numbers of fruiting bodies develop within 
2-3 days. These fruiting bodies are allowed to 
mature for about 8 days. The filter pads are then 
placed into suitable containers, such as screw-cap 
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tubes or small medicine bottles, and dried in an 
evacuated desiccator over silica gel for a few 
days. The containers are then tightly closed and 
stored at room temperature or at 6°C (it is not 
known which temperature is better). The dried 
fruiting bodies survive for about 5-15 years. This 
method has the advantage of being easy and 
cheap, and it conserves the ability of the strain 
to form fruiting bodies. It works, however, only 
if the strain has not been transferred too many 
times since its isolation. The method should 
therefore be applied as soon as a strain is pure 
and, if fruiting is a desired feature, even earlier. 
Sometimes myxospores are still produced on the 
filter although fruiting bodies are no longer 
formed. In that case, the filter can still be dried 
and a viable preparation produced. The growth 
medium taken from the vegetative cells must not 
be too rich. Thus, for example, fruiting bodies 
usually do not appear after transfer from CY 
agar. Sometimes the organism must be grown 
directly on the filter paper to obtain fruiting bod- 
ies. This may be done on filter pads on water agar 
after streaking autoclaved yeast or food bacteria 
onto the filter. In this way, Chondromyces strains 
are sometimes induced to fruit. The cellulose 
decomposers almost always produce many fruit- 
ing bodies when growing on filter paper, which 
has been placed on ST21 agar. As the fabric of 
the filter paper is destroyed during growth, the 
paper can no longer be removed, but the macer- 
ated mass may be transferred to a fresh filter pad, 
which is then treated as described above. 

To start a culture from dried fruiting bodies, 
the filter pad is placed upside down on CY agar, 
VY/2 agar, or WAT agar with streaks of auto- 
claved E. coli. After 24 h, the filter strip should 
be shifted to another place on the plate, because 
reduced oxygen access may prevent germination 
under the wet paper. When the paper is re- 
moved, many of the soaked and softened fruiting 
bodies will stick to the agar surface. 

Alternatively, if a sufficient quantity of fruiting 
bodies is obtainable, e.g., after growth on VY/2 
agar, after having been transferred to water agar 
or, in the case of the cellulose degraders, on filter 
paper on ST21 agar, they may be dried in skim 
milk. The fruiting bodies are suspended in skim 
milk, and a few drops of the suspension are 
applied to a freeze-dried milk plug in an 
ampoule. The ampoules are kept at 4°C for at 
least 10 min, and the plug is then dried again for 
about 5 h (this time at room temperature) in a 
desiccator connected to an efficient pump. After 
that, the ampoules are filled with nitrogen gas 
and sealed. Strains thus preserved also retain 
their ability to form fruiting bodies and may 
remain viable for a longer time than on filter 
paper. While drying in skim milk also works well 
with myxospores, including those that were 
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experimentally induced (Dworkin and Gibson, 
1964a), results with vegetative cells are highly 
erratic. Vegetative cells invariably die during 
drying, and only those cultures that contain 
myxospores survive. Experiments with true lyo- 
pliilization and with protective substances other 
than skim milk did not give better results. 

An excellent and convenient method for the 
preservation of myxobacteria is freezing at 
-80° C. Samples of 1 ml are transferred from ex- 
ponentially growing liquid cultures to screw-cap 
tubes and placed directly into the deep freeze. 
Alternatively, the bacteria may be scraped from 
the surface of a young agar culture, transferred 
to 1 ml of CAS medium, and frozen. All of the 
myxobacteria that we have tested so far (26 spe- 
cies) have survived in the deep freeze for 8-10 
years, the longest period over which data have 
been collected. Storage at ultra-low temperature 
is the best way to preserve strains growing in the 
dispersed state, nonfruiting, nonspore-forming 
strains, and mutants. It is also a fast and reliable 
method for the storage of all kinds of strains of 
a culture collection. However, if the temperature 
rises above -30 to -25°C, the cells will die unless 
they are transferred to a growth medium within 
5-10 h. 

For safe long-term storage, freezing in liquid 
nitrogen is the method of choice. We use the 
same cell suspension as described above, but add 
5% dimethyl sulfoxide (DMSO) to the suspen- 
sion medium, which is usually CAS medium. 
We fill 0.5-ml amounts of the suspension into 
glass ampoules, seal them, and immerse them in 
liquid nitrogen without further precautions. The 
DMSO may not be required since all strains 
stored without DMSO have survived thus far for 
2 years. 

Storage of frozen cell suspensions at -25°C is 
not recommended because most myxobacteria 
will die within several days or, at the most, a few 
weeks. 

To reactivate frozen cultures, the tubes or 
ampoules are immersed in cold water to speed 
up thawing. The cells must be transferred to fresh 
medium immediately after they have thawed 
because if the cells remain in the original 
medium after thawing, they will lyse within 15- 
30 min. We generally use VY/2 agar for the reac- 
tivation of the culture, usually with good results, 
but CY agar, CAS medium, and MDl medium 
can also be used. If experience is lacking with 
a certain strain, the thawed suspension should 
always be inoculated into several different 
media, including a liquid medium. Sometimes, 
albeit rarely, recovery will occur only on a spe- 
cific medium, although the other media normally 
support growth. For example, we have observed 
that some strains can be reactivated only in a 
liquid medium or only on agar plates. If a liquid 



CHAPTER 3.4.3 



The Myxobacteria 59 



medium is used, care should be taken not to 
dilute the organisms too much, e.g., by inoculat- 
ing a few drops into 100 ml. In some cases, for 
example with particularly fragile mutants, reacti- 
vating the cells by embedding them in a growth 
medium containing 0.6% (w/v) agar is useful. 
The soft agar appears to provide a matrix that 
protects cells that have been slightly damaged 
by freezing and thawing (D. Zusman, personal 
communication) . 

At least some myxobacteria can be stored in a 
1% (w/v) NaCl solution at room temperature. 
The cell suspension must not be too dense: the 
liquid should be just visibly turbid; otherwise the 
cells will lyse overnight. For one strain of Mx. 
xanthus, a suspension of vegetative cells has been 
kept alive for 5 months in this way. In another 
case, we suspended vegetative cells and glycerol- 
induced myxospores of Mx. xanthus FB in 1% 
(w/v) NaCl solution and kept the suspensions in 
sealed ampoules for 7 years at room tempera- 
ture. After that time, a culture could be started 
from the myxospores, but not from the vegeta- 
tive cells. While the original strain was very sen- 
sitive to NaCl, the revived strain grew on CY 
agar with 1% (w/v) NaCl. This clearly indicates 
that in such cases the bacteria are not completely 
dormant and that a selection for certain charac- 
teristics may have taken place. 



Characterization 

Nutrition and Energy Metabolism 

All myxobacteria decompose macromolecules, 
but there are two sharply separated metabolic 
groups. Group 1 myxobacteria decompose cellu- 
lose and are classified in two genera, Sorangium 
and Byssophaga. The few strains that have been 
studied in detail are all able to grow on inorganic 
nitrogen (NH/ or NO3 ) as the only nitrogen 
source, although their growth is stimulated if a 
small quantity (0.05-0.1% [w/v]) of peptone is 
added. They also grow on organic nitrogen com- 
pounds as the only nitrogen source, provided a 
carbohydrate is also present. A few strains 
appear even to grow on peptone alone (Sarao et 
al., 1985). These organisms utilize cellulose and 
sugars such as glucose equally well, but cellulase 
production is repressed in the presence of sugar 
(Krzemieniewska and Krzemieniewski, 1937a; 
Krzemieniewska and Krzemieniewski, 1937b; 
Pronina, 1962; Couke and Voets, 1967). 

Group 2 myxobacteria, by far the majority of 
species, depend on an amino acid-containing 
medium such as peptone for growth. They obtain 
oligopeptides by hydrolyzing proteins. Their 
dependence on peptides may be such that devel- 
oping defined amino acid media for them is dif- 



ficult or impossible. In other cases, the organisms 
grow on remarkably simple media with glucose, 
glutamate, and two essential amino acids (see the 
section Cultivation in this Chapter). In nature, 
these organisms seem to subsist mainly on other 
organisms, which they degrade by means of a 
variety of hydrolytic exoenzymes. Proteases, 
nucleases, lipases, glycanases, and cell wall lytic 
enzymes have been demonstrated. These myxo- 
bacteria are particularly efficient in the destruc- 
tion of other bacteria and of yeast cells and 
therefore have been called “micropredators” 
(Singh, 1947). However, they do not depend on 
living organisms and could as well be regarded 
as scavengers. Their association with animal dung 
is probably due to its rich mixture of many types 
of living and dead cells and to its content of 
organic matter at every level of decomposition. 

Almost all known myxobacteria (with the 
possible exception of Anaeromyxohacter deha- 
logenans) are strictly aerobic organotrophs. As 
a prerequisite for aerobic energy generation, 
Myxococcus possesses a-, b-, and c-type cyto- 
chromes as well as reduced p-nicotinamide ade- 
nine dinucleotide (NADH)-oxidase (Dworkin 
and Niederpruem, 1964b; Kleinig, 1972) and a 
complete tricarboxylic acid cycle (Watson and 
Dworkin, 1968; McCurdy and Khouw, 1969c; 
Sarao et al., 1985). The genus Myxococcus can- 
not utilize mono- and disaccharides (Watson and 
Dworkin, 1968) and depends on amino acids 
(or pyruvate) as a carbon and energy source 
(Bretscher and Kaiser, 1978). Recently it was 
discovered that methyl oleate dramatically 
increases the growth yield of Mx. xanthus, sug- 
gesting the presence of a fatty acid p oxidation 
pathway (Lau et al., 2002). Some myxobacteria 
can take up and metabolize oligosaccharides, 
which they produce from polysaccharides such as 
starch through the action of special hydrolytic 
enzymes (Irschik and Reichenbach, 1985a). Tliis 
ability may be more common than presently 
believed, for virtually all Myxococcus and Coral- 
lococcus strains are able to degrade one or more 
polysaccharides, e.g., yeast cell wall p-glucan, 
xylan, and starch. 

An overview of the metabolism of myxobacte- 
ria has been given by Shimkets (1984). Appar- 
ently, myxobacterial metabolism is similar to that 
of other bacteria, and unique biochemical path- 
ways have not been discovered. Of course, myx- 
obacterial metabolism has often been studied 
mainly in relation to biochemical reorganization 
during morphogenesis, and many enzymes have 
been described that are turned on or off at cer- 
tain stages of development. These data will be 
found among the reviews cited earlier. 

The glycolytic pathway seems to play a major 
role in the glucose metabolism of So. cellulosum 
(Sarao et al., 1985; D. Hofmann, personal com- 
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munication). In Mx. xanthus, glucose is not 
metabolized, presumably because hexokinase 
(ATP-dependent) and pyruvate kinase are 
absent (Watson and Dworkin, 1968). Neverthe- 
less, an intact phosphofructokinase and a 
fructose-1, 6-diphosphatase are present (Watson 
and Dworkin, 1968), implying that glycolysis and 
gluconeogenesis are both possible. The explana- 
tion for this apparent contradiction is not obvi- 
ous. In CL coralloides strain Cc cl27, fructose- 
1, 6-diphosphate aldolase activity is very weak, 
and intracellular hexose seems to be metabolized 
via the pentose phosphate pathway (Irschik and 
Reichenbach, 1985a). The latter pathway is 
present in other myxobacteria, e.g.. So. cellulo- 
sum (D. Hofmann, unpublished observations). 
In fact, this pathway must be present in all myx- 
obacteria because all are able to synthesize the 
pentose required in anabolic reactions. In Mx. 
xanthus, the initial enzyme, phosphoenolpyru- 
vate carboxylase, has been shown to be present 
(Watson and Dworkin, 1968). The conversion of 
fructose-6-phosphate into cell wall precursors 
has also been demonstrated (Filer et al., 1977). 
In So. cellulosum, gluconeogenesis appears to be 
blocked, which may explain the dependence of 
this organism on external carbohydrates (D. 
Hofmann, unpublished observations). 

Morphology and Fine Structure 

The vegetative cells of the myxobacteria are rod- 
shaped, typically 3-6 pm long and 0.7-1. 0 pm 
wide. They are found in two morphological types: 
1) slender, flexible rods with more-or-less taper- 
ing ends and 2) cylindrical, somewhat rigid rods 
with bluntly rounded ends (Krzemieniewska and 
Krzemieniewski, 1928; Fig. la-d). These differ- 
ent cell types correlate with a number of other 
basic characteristics and represent suborders of 
the Myxobacterales, the Cystobacterineae and 
the Sorangineae/Nannocystineae. The cell shape 
makes it possible to assign a strain at once to one 
of the two groups. 

Most electron microscopic studies on myxo- 
bacteria are rather old now, and a thorough rein- 
vestigation would be desirable. In addition to 
Mx. xanthus, several other myxobacteria have 
been studied, including Mx. fulvus, Mx. vire- 
scens, Cystobacter, Stigmatella, Sorangium and 
Chondromyces species (Voelz and Dworkin, 
1962; Voelz, 1965; Voelz, 1966a; Voelz, 1966b; 
Voelz, 1967; Abadie, 1967; Abadie, 1968; Abadie, 
1971a; Abadie, 1971b; Schmidt-Lorenz and 
Ktihlwein, 1968; McCurdy, 1969a; Reichenbach 
et al., 1969b; MacRae and McCurdy, 1975; 
Lampky, 1976; Galvan et al., 1986). The myxo- 
bacteria are typical Gram-negative bacteria. 
Both the tapered and the cylindrical cell types 
appear to be identical in fine structure, with 
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ultrathin sections revealing a typical triple-lay- 
ered outer membrane and a thin peptidoglycan 
sheet. The cells divide by septum formation 
(Abadie, 1971b; MacRae and McCurdy, 1975). 
Within the cells, mesosomes and mesosome-like 
membrane bodies are often seen (Voelz, 1965; 
Abadie, 1967; Abadie, 1968; Abadie, 1971b; 
MacRae and McCurdy, 1975; Lampky, 1976; 
Galvan et al., 1986). The visualization of ribo- 
somes was initially a problem, because they were 
difficult to fix properly (Voelz, 1967), but it later 
turned out that they are of the usual type. At low 
phosphate levels, the formation of polysomes 
seems to be induced in Mx. xanthus (Voelz, 
1966a). Polysomes were also observed in cells of 
Cm. crocatus, and they were often attached to 
the cytoplasmic membrane and arranged in a 
helical fashion (Abadie, 1971b). Unusual disk- 
shaped, membrane-associated structures have 
been described from Cm. crocatus (MacRae and 
McCurdy, 1975). In cross sections they appear as 
two double tracks, each 7.5-11 nm wide and 
between 55 and 130 nm long, connected to the 
interior of the cytoplasmic membrane by 11- to 
15-nm-long, fibrillar extensions. Several classes 
of intracellular granules, or inclusion bodies, 
have been found. Black granules, apparently 
produced by all myxobacteria, have been identi- 
fied as polyphosphate (Voelz et al., 1966c). 
Electron-transparent granules are of at least two 
types: 1) granules that are pale gray, containing 
material that does not contrast well; these have 
been suggested to be polysaccharide (Reichen- 
bach et al., 1969b), “slime vacuoles” (Schmidt- 
Lorenz and Ktihlwein, 1969; Abadie, 1971b), or 
glycogen (Voelz et al., 1966c). This has been cor- 
roborated by light microscopy after performing 
the periodic-acid Schiff reaction (Schmidt- 
Lorenz and Kuhlwein, 1969). 2) Completely 
empty, large, circular areas, which are sudano- 
philic under the light microscope, have been seen 
in the cells of So. cellulosum (Lampky, 1976) and 
may be lipid material. Also, poly-p-hydroxybu- 
tyric acid has been demonstrated chemically in 
So. cellulosum (H. Jansen, personal communica- 
tion). In cells of Mx. xanthus grown under sub- 
optimal conditions, large parts of the cytoplasm 
sometimes appear to have a crystalloid pattern 
(Voelz, 1966a; Voelz, 1967; Voelz, 1968). 

In many myxobacteria, intracellular microtu- 
bules and fibrils may be seen (Schmidt-Lorenz 
and Kuhlwein, 1968; Abadie, 1971b; MacRae and 
McCurdy, 1975; A. C. Burchard et al., 1977). The 
diameter of the microtubules is 10-16 nm (with 
Cm. crocatus 15-19 nm), and that of the fibrils is 
4-5 nm (with Cm. crocatus 7.5-10 nm). Once it 
was thought that microtubules and fibrils were 
just two different aspects of the same structure 
depending on the plane of sectioning (Schmidt- 
Lorenz and Kuhlwein, 1968), but this is not the 
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case. The fibrils are usually arranged in bundles 
that may be 40 nm wide and 3.5 |im long. The 
bundles usually lie close to the cytoplasmic mem- 
brane and often follow the long axis of the cell, 
sometimes to the cell poles, but they also may 
cross the cell from one side to the other. A 
herringbone-like periodicity with a 12-nm spac- 
ing has occasionally been seen (A. C. Burchard 
et al., 1977). Also, transverse bands with a very 
regular, crystal-like pattern may occur (A. C. 
Burchard et al., 1977). Originally, fibrils were 
found only in cells from swarming agar cultures 
(Schmidt-Lorenz and Kuhlwein, 1968), but they 
were subsequently found in cells from liquid cul- 
tures as well (A. C. Burchard et al., 1977; H. 
Reichenbach, unpublished observations). These 
systems of fibrils and microtubules have been 
interpreted as contractile elements responsible 
for gliding motility by producing contraction 
waves (Schmidt-Lorenz and Kuhlwein, 1968; A. 
C. Burchard et al., 1977), but there is no evidence 
that those structures can really contract, and they 
could have some other function or even be arti- 
facts. In Cm. crocatus, those structures were 
assumed to be composed of ribosomes (paracrys- 
talline system; Abadie, 1971b). 

An extremely complex structure has been dis- 
covered in the surface layers of Mx. fulvus, just 
below the outer membrane (Lunsdorf and 
Reichenbach, 1989). One or several helical belts 
appear to be wrapped around the periphery of 
the cell, beginning close to the cell pole. From 
isolated material, it was deduced that the unit 
element consists of a long series of tiny rings at 
a regular, periodic distance, connected to each 
other by two longitudinal structures, perhaps two 
fibrils. Several of these unit elements, or strands, 
form a ribbon, and it could be shown that the 
rings in those ribbons can change their confor- 
mation, thereby producing a reduction of the 
transverse dimension of the ribbon by 40%. The 
belt is composed of about seven ribbons, and 
conceivably a coordination of the conforma- 
tional changes occurring in the ribbons could 
produce a traveling wave in the belt and concom- 
itantly in the cell surface, which would propel the 
cell. Nothing is known yet about the biochemis- 
try of the system, and not even the structural 
details are fully understood. However, the com- 
ponents of the apparatus have been seen also in 
other myxobacteria, including Mx. xanthus. 

Chemical Composition 

While much has been learned about the chemical 
composition of the myxobacterial cell, the pre- 
cise nature of the extracellular polysaccharides 
remains undetermined, as it is usually accompa- 
nied by a variety of other large and small 
excreted molecules (Sudo and Dworkin, 1972; 



Hanson and Dworkin, 1974). The excreted slime 
appears usually to be a heteropolysaccharide 
containing, among others, A-acetyl aminosugars 
(Sutherland and Thomson, 1975; Sutherland, 
1979). Slime from fruiting bodies resembles in 
its overall composition that produced in vegeta- 
tive cultures. A large extracellular protein- 
polysaccharide-lipid complex with proteolytic 
activity has been isolated from culture superna- 
tants of Mx. virescens (Gnosspelius, 1978b). A 
glycopeptide with a heat-stable blood anticoa- 
gulant activity, named “myxaline,” has been 
obtained from the culture broth of Mx. xanthus 
(El Akoum et al., 1987; Masson and Guespin- 
Michel, 1988). The glycan part contains A-acetyl 
aminosugars, and the peptide is rich in glutamic 
acid and serine. The excreted slime must be 
chemically different in the suborders of myxo- 
bacteria, since Congo red (0.01% [w/v] aqueous 
solution) stains the slime of the Cystobacter- 
ineae but not that of the Sorangineae/Nanno- 
cystineae (McCurdy, 1969b). 

LIPOPOLYSACHARIDES AND CELL 
WALLS. There are several studies on the chem- 
istry of the lipopolysaccharides (LPS) of various 
myxobacteria (Weckesser et al., 1971; Rosen- 
felder et al., 1974; Sutherland and Thomson, 
1975; Sutherland, 1979). Contrary to the state- 
ment of Ruiz et al. (1987), myxobacterial LPS, 
including lipid A, can be readily and completely 
extracted from the cells by the usual phenol pro- 
cedure (e.g., Sutherland and Smith, 1973; Rosen- 
felder et al., 1974; Sutherland and Thomson, 
1975; Panasenko, 1985). Typical LPS yields are 
0.5-1.0% (up to 1.9%) of the cell dry weight. 
Chemically, the LPS of the myxobacteria resem- 
bles that of the enterobacteria. The LPS of 
Mx. fulvus contains mannose, galactose, glucose, 
rhamnose, arabinose, glucosamine, and 3-0- 
methyl-D -xylose, a sugar only very rarely seen in 
bacterial LPS (Weckesser et al., 1971; Rosen- 
felder et al., 1974). The LPS of other myxobac- 
teria may differ somewhat in sugar composition, 
but 2-keto-3-deoxyoctonic acid is always present, 
and heptose is never present. The 3-O-methyl-D- 
xylose may or may not be found, and in some 
cases, similar nonpolar but thus far unidentified 
sugars have been observed (Sutherland and 
Smith, 1973; Sutherland and Thomson, 1975; 
Sutherland, 1979). While the scant data do not 
really allow generalizations, a complete lack of 
rhamnose seems to be characteristic for Sor- 
angium and may be another distinguishing char- 
acteristic of that suborder. The lipid A moiety 
contains glucosamine and the usual 3-hydroxy 
fatty acids, mostly Ao-3-OH-C15 and Ao-3-OH- 
C17 (Rosenfelder et al., 1974). 

Man (1998) has carefully analyzed the LPS of 
Mx. xanthus and has found that the O-antigen 
portion consists of a small, repeating disaccha- 
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ride comprising ^ 4) -a -D-GaWAcp - (1 ^ 6)- 
a -D-Glcp - (1 where about 40% of the 
GaWAcp residues are methylated at their 6- 
positions. The “p” denotes pyranoside. The core 
LPS was found to consist of glucose, mannose, 2- 
acetamido-2-deoxy-galactose, and 2-acetamido- 
2-deoxy-6-0-methyl-galactose, in relative molar 
ratios of 1.00 : 0.41 : 0.40 : 0.32, respectively. Also 
present in the core LPS were small amounts of 
rhamnose, arabinose, xylose, galactose, and 2- 
acetamido-2-deoxyglucose. 

Several mutations have been described that 
eliminate LPS O-antigen biosynthesis in Mx. 
xanthus. Fink et al. discovered that mutants resis- 
tant to phage Mx8 lack O-antigen and fail to 
react with monoclonal antibodies specific to O- 
antigen (Fink et al., 1989c). The genes containing 
these mutations have not been identified. The 
wzm and wzt gene products are predicted to 
encode an ATP-binding cassette (ABC) trans- 
porter involved in export of the O-antigen to the 
periplasm (Bowden and Kaplan, 1998). The 
wbgA and wbgB genes share similarity with bac- 
terial glycosyltransferases and are suggested to 
be required for O-antigen synthesis (Bowden 
and Kaplan, 1998; Yang et al., 2000a). In all of 
these reports the authors noted deficiencies in 
motility, but there is some discrepancy as to 
whether the deficiencies are in A motility, S 
motility, or both. The consensus appears to be 
that both A and S motility are greatly reduced 
(Yang et al., 2000a). Man (1998) examined the 
LPS of two O-antigen mutants of Mx. xanthus 
(Fink and Zissler, 1989b) and found that both 
lacked the O-antigen repeating polysaccharide 
present in the wild-type parental strain. Man 
speculated that the corresponding reduction in 
cell surface hydrophilicity may be responsible for 
the motility defect. 

During sporulation of Mx. xanthus, the LPS, 
or at least its polysaccharide part, is completely 
lost (Sutherland, 1976a), and a capsule com- 
posed of an a-l,3-glucan is produced (Suther- 
land and Mackenzie, 1977). That capsule is 
ruptured and discarded during germination 
rather than enzymatically solubilized (Voelz, 
1966b). Monoclonal antibodies have also been 
obtained against O-antigens and against a core 
antigen of Mx. xanthus LPS (Gill and Dworkin, 
1988; Fink and Zissler, 1989a). Several O-antigen 
mutants were defective in the A system but not 
in the S system of gliding. They were still able to 
form normal fruiting bodies (Fink and Zissler, 
1989b). Endotoxin-like effects (anticomplement 
test and Shwartzman skin reaction) could be 
produced with whole cells and myxospores of 
Mx. xanthus (Ruiz et al., 1987). 

Myxococcus xanthus, the only myxobacterium 
for which the organization of the cell wall has 
been investigated, has a thin peptidoglycan layer 
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that seems to be organized in patches rather than 
in a homogeneous sacculus (White et al., 1968). 
The composition of the peptidoglycan resembles 
that of E. coli, with diaminopimelic acid at the 
cross-links. Apparently during sporulation, the 
degree of cross-linking increases. At the same 
time, galactosamine and glycine accumulate in 
the wall layer. The peptidoglycan content of veg- 
etative cells and myxospores is, however, the 
same (0.6% of the dry weight). 

LIPIDS. The fatty acid composition of the 
myxobacteria has not been thoroughly exam- 
ined. However the data that are available suggest 
characteristic differences among the suborders 
(Fautz et al., 1981). While all myxobacteria con- 
tain substantial quantities of iso-branched fatty 
acids, mainly saturated C15:0 and C17:0, the fatty 
acid composition is dominated by them only in 
the suborder Cystobacterineae (usually between 
50 and 70% total fatty acid; Schroder and 
Reichenbach, 1970; Ware and Dworkin, 1973; 
Fautz et al., 1979; Fautz et al., 1981; Yamanaka 
et al., 1988). Nannocystis exedens (suborder Nan- 
nocystineae) is the only myxobacterium so far in 
which larger amounts (about 30%) of iso-C15\l 
and iso-Cll\l are found (Fautz et al., 1981). Sor- 
angium cellulosum, suborder Sorangineae, has 
an intermediate phenotype with a more balanced 
representation of the saturated and unsaturated 
members of the iso odd family (Fautz et al., 
1981). 

The distribution of 2-hydroxy(OH) fatty acids 
also follows a trend, being high in the Cystobac- 
terineae and virtually absent in the Nanno- 
cystineae and Sorangineae (Fautz et al., 1981). 
Ao-2-OH C17:0 was first seen as a contaminant 
from phospholipid in LPS preparations of Mx. 
fulvus and Cb. ferrugineus (Rosenfelder et al., 
1974). Later, proof was presented for the chem- 
ical structure of the 2- and 3-OH fatty acids of 
Mx. fulvus and C. ferrugineus. In total cell 
hydrolysates, 2-OH fatty acids, mainly Ao-2-OH 
C17:0, constitute 10-12% of the total fatty acids, 
while 3-OH fatty acids only play a minor role 
(2.5- 4.5%; Fautz et al., 1979). In members of the 
Cystobacterineae, two types of phosphatidyleth- 
anolamine have been demonstrated, one of 
which contains exclusively nonhydroxy fatty 
acids and the other 50-70% 2-OH fatty acids 
(Yamanaka et al., 1988). 

Another major component of the fatty acid 
pattern of the Cystobacterineae is C16:l (15- 
39%), which is greatly reduced in the Nanno- 
cystineae and Sorangineae. This fatty acid was 
later identified as 16:1 co5c (which is extremely 
rare in nature; Kearns et al., 2001b). Anteiso 
fatty acids have also been reported in Mx. xan- 
thus (Ruiz et al., 1985; Toal et al., 1995; Kearns 
et al., 2001b). In another study, a clear difference 
was seen between the fatty acid patterns of Cor- 
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allococcus and those of Myxococcus species 
(Monteoliva-Sanchez et al, 1987): branched and 
unbranched C17:0 fatty acids were present in 
large quantities in the latter (27-38%) but com- 
pletely absent in the former. While such a clear 
difference would be useful for taxonomic rea- 
sons, it is not supported by other investigations 
(Yamanaka et al, 1988). 

Myxococcus fulvus Mx f2 contains phosphati- 
dylethanolamine as the main component (72%), 
with phosphatidylglycerol (9%), phosphatidyli- 
nositol (7%), and an unknown, ninhydrin- 
positive phospholipid (8%) as minor components 
(Kleinig, 1972). A small proportion of the phos- 
pholipids were alk-I-enyl-acyl (1-15%) and 
alkyl-acyl compounds; however, they comprised 
22% of the phosphatidylinositol compounds. The 
phospholipid content of the isolated membranes 
was 25% (dry weight). The occurrence of two 
species of phosphatidylethanolamine in myxo- 
bacteria has already been mentioned (Yamanaka 
et al., 1988). The outer membrane of Mx. xanthus 
MD-2, an S motility mutant, showed an unusu- 
ally low buoyant density (1.221 g/ml) which was 
probably due to an exceptionally high phospho- 
lipid content (Orndorff and Dworkin, 1980). The 
low buoyant density of the outer membrane was 
recently confirmed in the fully motile derivative 
DK1622 (Simunovic et al., 2003). The main phos- 
pholipid in both membranes was phosphatidyle- 
thanolamine (60-70% of total phospholipid). 
The other major phospholipids were phosphati- 
dylglycerol and two unknown phospholipids. 
Phosphatidylserine and cardiolipin were found 
only in the cytoplasmic membrane. Substantial 
amounts of lysophospholipids were found in 
both membranes, although somewhat more in 
the outer membrane. They obviously indicate 
lipase activities, which seem not to be restricted 
to the outer membrane. 

In Sg. aurantiaca the main phospholipid was 
phosphatidylethanolamine (50%), followed by 
phosphatidylinositol (20%) and phosphatidylg- 
lycerol (12%; Caillon et al., 1983). Very high 
amounts of lysophosphatidylethanolamine were 
also found. Each phospholipid had a different 
fatty acid composition. Alkyl ether linkages were 
common; phosphatidylinositol occurred only as 
the dialkyl compound. The structural details of 
an alk-I-enyl-acyl-phosphatidylethanolamine, 
i.e., a plasmalogen, from Mx. stipitatus have been 
elucidated (Stein and Budzikiewicz, 1987). 

From the amount of phosphorus in the lipid 
fraction of Sg. aurantiaca, it has been estimated 
that only about 40% of the fatty acids are present 
in phospholipids (Schroder and Reichenbach, 
1970). Ceramides and cerebrosides have been 
isolated from Cystobacter fuscus and chemically 
characterized (Eckau et al., 1984; Dill et al., 
1985). Ceramides are long-chain, 1,3-dihydroxy- 



2-amino bases (sphinganine) with an amide- 
bound fatty acid. Cerebrosides are sphingolipids 
consisting of a ceramide with a C-l-sugar. 
The myxobacterial ceramides all contain 2- 
hydroxy fatty acids. A novel, long-chain base, 17- 
methylsphinga-4E,8E-dienine, was found in two 
of them. The cerebrosides are all galactosides. 
Cerebrosides are common in eukaryotes, where 
they play a role in cell-cell recognition and cell 
adhesion. They have also have been found to be 
fruiting-body inducers in basidiomycetes. 

The capnoids, discovered as a characteristic 
constituent of the lipids of another group of 
gliding bacteria, the CytophagalFlavohacterium 
group, have not been found in myxobacteria 
(Godchaux and Leadbetter, 1983). The capnoids 
are C-1 sulfonic acids of sphinganine bases and 
their ceramides. 

With one exception, Methylococcus capsulatus 
(Bird et al., 1971), myxobacteria are the only 
prokaryotes that are known to synthesize true 
steroids. Nannocystis strains produce choles- 
tenols (Kohl et al., 1983; Zeggel, 1993); Poly- 
angium (but not Sorangium) and Cb. minus 
produce lanosterol; and Cb. violaceus, Sg. erecta 
and Sg. aurantiaca contain cycloartenol (Bode 
et al., 2003). Squalene has been found in many 
myxobacteria. The cholestenol and squalene 
content of Na. exedens may be up to 0.4% of the 
dry weight. In contrast to most secondary metab- 
olites, steroids are found in all strains of a 
species. Recently the key enzyme 2,3(S)- 
oxidosqualene oxidase has been demonstrated in 
Sg. aurantiaca (Bode et al., 2003). 

PIGMENTS AND RESPIRATORY COM- 
POUNDS. Carotenoids are the main pigments of 
most myxobacteria. They have been extensively 
characterized by Kleinig et al. (1970) and espe- 
cially in Mx. fulvus by Reichenbach and Kleinig 
(1971), who reported the presence of 50-60 dif- 
ferent carotenoids and were able to identify 24 
of these. Among the Cystobacterineae, the main 
compounds are always monocyclic carotenoid 
glycosides containing glucose with a fatty acid 
attached to the sugar via an ester bond (Kleinig 
et al., 1970; Kleinig et al., 1971; Reichenbach and 
Kleinig, 1971). While the Cystobacterineae have 
glycosides with keto but not with hydroxyl 
groups, members of the suborder Sorangineae 
produce glycosides with hydroxyl but not keto 
functions on the chromophore. Sorangium has 
also been shown to produce a nonesterified car- 
otenoid rhamnoside (Kleinig et al., 1971). Four 
new carotenoids were recently identified in Poly- 
angium fumosum (Jansen et al., 1995). Nanno- 
cystis contains mainly aromatic carotenoids and 
no glycosides. Thus apparently certain pigment 
types are characteristic for taxonomic subgroups 
(for a review, see Reichenbach and Kleinig, 
1984b). 
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Carotenoid pigments forming esterified glyco- 
sides are rather unusual. The main pigment of 
many myxobacteria, including Mx. xanthus, is 
the deep-red myxobacton, which comprises 70% 
(by weight) of the total carotenoids of Mx. 
fulvus] it consists of l',2'-dihydro-l'-hydroxy-4- 
keto-torulene glucoside, esterified via glucose to 
a variety of unbranched, straight-chain fatty 
acids. This structure has been reinvestigated and 
corroborated (Eckau et al., 1984). An additional 
10% of the total carotenoids consists of myxo- 
bacton esters, which contain 3,4-dehydro toru- 
lene rather than 4-keto torulene. In Myxococcus, 
complex mixtures of carotenoids are found, but 
only monocyclic and acyclic compounds occur. 
The carotenoid content of late log-phase cultures 
of Mx. fulvus Mx f2 has been determined. Ace- 
tone extracted carotenoids of such cells typically 
represent 0.003% of the dry weight of dark- 
grown cells and 0.03-0.06% of light-grown cells 
(Reichenbach and Kleinig, 1971). This difference 
between light- and dark-grown cells increases to 
20-fold as the cells enter stationary phase. The 
carotenoids are exclusively located in the cyto- 
plasmic membrane fraction, where they consti- 
tute up to 0.14% of the dry weight (Kleinig, 
1972). 

The effect of various inhibitors of the cycliza- 
tion reaction of carotenoid synthesis has also 
been studied (Reichenbach and Kleinig, 1971; 
Kleinig, 1974a; Kleinig, 1975). In laboratory cul- 
tures, there is virtually no turnover or degrada- 
tion of carotenoids. A system for the in vitro 
synthesis of C15 to C60 polyprenols from isopen- 
tenylpyrophosphate with a crude enzyme prepa- 
ration from Mx. fulvus has been developed 
(Beyer and Kleinig, 1985). 

The only demonstrated role of carotenoids in 
myxobacteria is to provide protection against 
pliotooxidation (Burchard and Dworkin, 1966b). 
Dark-grown cultures, which produce only small 
amounts of carotenoid, lyse quickly if illuminated 
upon entry to stationary phase of growth. If, how- 
ever, the cells are exposed to light during expo- 
nential growth, carotenogenesis is photoinduced 
and the cells become resistant to photokilling. In 
Mx. xanthus, protoporphyrin IX was shown to be 
the photosensitizing pigment (Burchard and 
Dworkin, 1966b). Photokilling has also been 
demonstrated with carotenoid-free mutants of 
Mx. fulvus Mx f2. The killing effect is seen only 
if the mutants are illuminated with daylight 
intensities (about 40,000 lux; H. Reichenbach, 
unpublished observations). However, whether 
all myxobacteria accumulate protoporphyrin IX 
as a photosensitizer is unclear; protoporphyrin 
IX could not be detected, for example, in Mx. 
fulvus (H. Reichenbach, unpublished). 

The carotenoid synthesis of myxobacteria is 
induced by light (Burchard and Dworkin, 1966b; 
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Burchard and Hendricks, 1969; Reichenbach and 
Kleinig, 1971), and its control in Mx. xanthus 
involves a complex regulatory circuit (for 
reviews, see Hodgson and Murillo [1993] and 
Hodgson and Berry [1998]). Many carotenoid 
biosynthetic genes {crt genes) are clustered in 
the crtEBDC and carB operons, which are 
repressed in the dark by CarA. In outline, the 
reception of a blue light signal by CarF results 
eventually in the inactivation CarA. The light 
receptor, CarF, is remarkably similar to Kua, a 
family of proteins of unknown function that is 
widely distributed among eukaryotes (Fontes et 
al., 2003). But little is known about its interaction 
with protoporphyrin IX. Central to this response 
is the activation of the light-inducible promoter, 
PcarQRS, and the transcription of three down- 
stream genes, carQ, carR and carS (Gorham, et 
al., 1996). CarQ is a member of the ECF (extra- 
cytoplasmic function) subfamily of RNA poly- 
merase a factors that is responsible for initiation 
at PcarQRS. CarR is an anti-a factor that 
sequesters CarQ in a transcriptionally inactive 
complex. CarR was found to be unstable in illu- 
minated stationary phase cells, providing a pos- 
sible mechanism by which the CarR-CarQ 
complex is disrupted (Browning et al., 2003). In 
the light, CarS is synthesized and activates the 
crtEBDC operon by preventing CarA from bind- 
ing to its operator (Whitworth and Hodgson, 
2001). CarS is therefore an antirepressor. CarA 
is a novel protein consisting of a DNA-binding 
domain of the MerR family of transcriptional 
regulators, directly joined to a cobalamin- 
binding domain. The presence of vitamin B 12 or 
some other cobalamin derivatives is absolutely 
required for activation of the carB promoter by 
light (Cervantes and Murillo, 2002). 

Pigments other than carotenoids are also pro- 
duced by myxobacteria. A pale-yellow pigment 
is found in Mx. xanthus (Gerth et al., 1983). 
On certain media, the colonies of Cb. violaceus 
(= Ar. violaceum) develop a deep purple -violet 
color, probably due to melanoid pigments (Kuhl- 
wein and Gallwitz, 1958; Reichenbach, 1965c). 
A red pigment of Ch. violaceus is probably a 
dopachrome (Mayer, 1967). Melanoid pigments 
are also relatively often seen with individual 
strains of many other species, especially on 
peptone-containing media, e.g., with Cysto- 
bacter, Archangium, Corallococcus and Stigma- 
tella. Liquid cultures of Sg. aurantiaca in peptone 
medium turn a deep black color within 1-2 h 
after reaching the stationary phase (Reichen- 
bach and Dworkin, 1969a). Tlie slimy swarms of 
some strains of So. cellulosum on CA2 agar 
become deep violet to black after 2-4 weeks. 
Myxococcus virescens and Kofleria flava are 
bright greenish-yellow, especially on protein- 
containing media. Several myxococci, especially 
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Mx. virescens, excrete a greenish-yellow diffus- 
ing pigment that appears to be myxochromid 
(Trowitzsch-Kienast et al., 1993). Plate cultures 
of Mx. stipitatus show under the UV lamp at 366 
nm a bright yellow fluorescence (Lampky and 
Brockman, 1977) that is caused by phenylamides, 
or stipiamides (Kim et al, 1991; Trowitzsch- 
Kienast et al, 1992). Often the various shades 
observed with different strains and species are 
only due to differences in the quantitative pro- 
portions of the same pigments. Fruiting bodies, 
and especially the walls of the sporangioles, are 
often very intensely colored, but the chemical 
nature of these pigments is not known. 

The respiratory quinones of the myxobacteria 
are exclusively menaquinones (Kleinig, 1972; 
Kleinig et al., 1974b). A survey of 11 genera and 
20 species of both suborders showed that the 
menaquinone pattern of the myxobacteria is 
completely uniform and comprises virtually only 
MK-8 (Yamanaka et al., 1987; M.D. Collins, per- 
sonal communication). Dworkin and Nieder- 
pruem (1964b) have characterized the terminal 
respiratory pigments of Mx. xanthus and have 
shown them to include cytochromes a, b and c in 
addition to presenting tentative evidence for the 
presence of flavin-linked enzymes. 

MEMBRANES AND MEMBRANE PRO- 
TEINS. The membranes of Mx. fulvus consist of 
about 64% protein and 29% lipid, the latter com- 
prising mainly (25%) phospholipid (Kleinig, 
1972). The inner and outer membranes of Mx. 
xanthus strain DK1622 were fractionated (Simu- 
novic et al., 2003). Membranes were enriched 
from spheroplasts of vegetative cells and then 
separated into three peaks on a three-step 
sucrose gradient. The high density fraction cor- 
responded to inner membrane (IM), the medium 
density fraction corresponded to hybrid mem- 
brane (HM), and the low density fraction corre- 
sponded to outer membrane (OM). Each 
fraction was subjected to further separation on 
discontinuous sucrose gradients, resulting in the 
emergence of discrete protein peaks within each 
major fraction. The purity and origin of each 
peak were assessed using succinate dehydroge- 
nase (SDH) activity as the IM marker and reac- 
tivity to lipopolysaccharide core and O-antigen 
monoclonal antibodies as the OM markers. As 
previously reported (Orndorff and Dworkin, 
1980), the OM markers localized to the low den- 
sity membrane fractions, while SDH localized to 
high density fractions (Simunovic et al., 2003). 
Immunoblotting was used to localize important 
motility and signaling proteins within the protein 
peaks. CsgA (the developmental C-signal pro- 
ducing protein) and FibA (a fibril-associated zinc 
metalloprotease) were localized in the IM. The 
motility lipoproteins Tgl and Cgl were localized 
in the OM. FrzCD (a methyl-accepting chemot- 



axis protein) was predominantly located in the 
IM, although lesser amounts were found in the 
OM. PilA (the major subunit of type IV pili) was 
distributed in all the fractions. Two-dimensional 
polyacrylamide gel electrophoresis illustrated 
the presence of proteins that were unique to the 
inner and outer membranes. Characterization 
of proteins within an unusually low density 
(p = 1.072-1.094 gcm~^) membrane peak 
showed the presence of Ta-1 polyketide syn- 
thetase, which synthesizes the antibiotic myx- 
ovirescin (Simunovic et al., 2003). 

Six of the membrane polypeptides changed 
substantially during aggregation (Orndorff and 
Dworkin, 1982): during the early stages of fruit- 
ing, protein T disappeared from the soluble frac- 
tion of Mx. xanthus, when proteins S and U first 
appeared, and then increased dramatically. Pro- 
tein S (Inouye et al., 1979b) has been particularly 
well studied. In vegetative cells it amounts to less 
than 1 % of the soluble protein, but during fruit- 
ing body formation, its rate of synthesis rises to 
15% of total protein synthesis. In the presence 
of Ca^^, protein S assembles on the surface of the 
maturing myxospores (Inouye et al., 1979a). Cer- 
tain domains in the amino acid sequence of pro- 
tein S show homologies to the Ca^^-binding sites 
of calmodulin. The functional correspondence of 
those areas was demonstrated by site-specific 
mutations, which eliminated the Ca-binding 
property of protein S together with its ability to 
accumulate on the myxospores. Protein S also 
has some homology with the bovine-lens protein, 
a-crystallin (Inouye et al., 1983a; Teintze et al., 
1988; Wistow, 1990). 

Another development-specific protein is a 
myxobacterial hemagglutinin (MbhA), a lectin 
that is induced during the developmental aggre- 
gation of Mx. xanthus (Cumsky and Zusman, 
1981). It appears to be localized in the periplas- 
mic space or loosely bound to the cell surface 
and to recognize a galactose-containing, complex 
receptor. Its distribution over the cell surface 
is uneven, as it is found in patches mainly at 
the cell poles (Nelson et al., 1981). The 28-kDa 
protein contains four highly conserved domains 
of 67 amino acids each, which are reflected in 
four strong internal homologies in its gene 
(Romeo et al., 1986). MbhA is produced prima- 
rily by the peripheral rods, which never enter 
fruiting bodies or sporulate (O’Connor and Zus- 
man, 1991a; O’Connor and Zusman, 1991b; 
O’Connor and Zusman, 1991c). 

Using an iodination technique, substantial 
changes in the pattern of accessible surface pro- 
teins of Mx. xanthus were shown to take place 
during development (Maeba, 1983). A glycopro- 
tein, probably a peripheral membrane protein 
that is present only in vegetative cells, was fur- 
ther characterized (Maeba, 1986). The 74-kDa 
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protein contained about 15% carbohydrate, 
mainly neutral sugars, but also some hex- 
osamines and uronic acids. It made up 1% of the 
total cell protein and might play a role in cell-cell 
interactions. 

A different approach to the study of the 
dynamics of the cell surface during development 
has been the use of monoclonal antibodies 
against cell-surface antigens (CSAs) of vegeta- 
tive and developing cells (Gill et al., 1985). In this 
way, many different CSAs of Mx. xanthus have 
been identified (e.g.. Gill and Dworkin, 1986; 
Gill and Dworkin, 1988). While most of the anti- 
bodies are directed against cell-surface proteins, 
some are directed against LPS or, in the case 
of CSA 1604, against a large, 150-kDa complex 
consisting of at least two protein subunits and 
LPS (Jarvis and Dworkin, 1989a; Jarvis and 
Dworkin, 1989b). Other monoclonal antibodies 
are directed against cell-surface proteins that 
appear uniquely during development (Gill and 
Dworkin, 1986). 

Transfer and expression of myxobacterial 
genes in E. coli have identified some proteins. An 
18.7-kDa basic protein coded by the vegA gene 
of Mx. xanthus turned out to have amino acid 
homologies with certain histones and may func- 
tion as a DNA-binding protein. It is essential for 
vegetative growth (Komano et al., 1987). Also, 
the Mx. xanthus gene fprA was shown to code 
for a protein that binds flavin mononucleotide. 
Overexpression of the gene in E. coli leads to a 
spectacular increase in flavin biosynthesis, but 
the FprA protein seems to be an enzyme not in 
the flavin biosynthetic pathway (Shimkets, 
1990b) but rather in vitamin Bg biosynthesis 
(Lam and Winkler, 1992). 

NUCLEIC ACIDS. The G+C content of myx- 
obacterial DNA is between 67 and 72 mol% (as 
measured by buoyant density, thermal melting, 
and high pressure liquid chromatography 
[HPLC]; Mandel and Leadbetter, 1965; 
McCurdy and Wolf, 1967; Behrens et al., 1976; 
Mesbah et al., 1989). 

As a group, the myxobacteria have among the 
largest bacterial genomes. The genome size of 
Mx. xanthus FB is 9450 kilobase pairs (kbp; Chen 
et al., 1990), double that of E. coli (4700 kbp). 
The genome size of So. cellulosum So ce56 is 
about 12.2 Mb (Pradella et al., 2002). Genome 
sequencing of these two species is in progress. 
The genome size of Sg. aurantiaca DW 4/3.1 is 
9350 kbp (Neumann et al., 1992). Genome sizes 
of a variety of Sg. aurantiaca and Sg. erecta 
isolates were examined and ranged from 9.2 to 
10.01 Mb. Thus the genome size of this group 
appears to be uniformly large. In the two species 
that have been examined, the genome is arranged 
in a single circular chromosome (Chen et al., 
1990; Chen et al., 1991; Neumann et al., 1993). 
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The DNA of Mx. xanthus strain FB is methy- 
lated at cytosine sites (Yee and Inouye, 1982). In 
rapidly growing cells, the DNA is undermethy- 
lated, and the degree of methylation increases 
when growth slows. Myxococcus xanthus RNA 
polymerase shows the usual subunit composi- 
tion, but two slightly different a factors have 
been obtained from vegetative cells (Rudd and 
Zusman, 1982). 

A most unusual kind of nucleic acid, msDNA, 
which was first discovered in Mx. xanthus, has 
raised many intriguing questions (Yee et al., 
1984). Found in nearly all myxobacteria (Dhun- 
dale et al., 1985), msDNA is a single-stranded 
DNA and 500-700 copies of it are present per 
genome. The DNA is 162 bases long, and its 5'- 
end is linked via a 5' to 2'-phosphodiester bond 
with a guanidine residue in an RNA (msdRNA), 
which is 77 bases long. The RNA has an 
extremely stable stem-and-loop structure. The 
coding regions for msDNA and msdRNA are 
found side by side at one specific site in the 
Myxococcus genome, but they are oriented in 
opposite directions and overlap with 8 bases at 
their 3'-ends (Dhundale et al., 1987). A very sim- 
ilar msDNA (81% sequence homology) with a 
corresponding genome structure has been found 
in Sg. aurantiaca (Furuichi et al., 1987a; Furuichi 
et al., 1987b). A second species of such DNA 
(mrDNA) was later discovered in Mx. xanthus 
(Dhundale et al., 1988b). However, mrDNA is 
much shorter, and it has a completely different 
DNA and RNA base sequence, but the RNA still 
has a similar secondary structure to that of 
msRNA. Also, there seem to be only 100 copies 
of mrDNA per genome. 

The msDNA is synthesized by a reverse tran- 
scriptase with an associated ribonuclease H 
activity. The enzyme uses a folded RNA precur- 
sor as a primer and a template (Lampson et al., 
1989). The gene of the reverse transcriptase has 
been found immediately downstream from the 
msdRNA region and codes for 485 amino acids, 
which show sequence homology with retroviral 
reverse transcriptases (Inouye et al., 1989). In 
fact, Mx. xanthus actually contains two reverse 
transcriptases (Inouye et al., 1990b). The wide 
distribution of msDNA in myxobacteria, as well 
as a comparison of codon usage in the reverse 
transcriptase gene and in other Myxococcus 
genes, suggests that the system is very old and 
was not acquired recently (in contrast to a similar 
system in certain E. coli strains). By deletion 
mutation, msDNA synthesis could be elimi- 
nated, but this had no significant effects on 
growth, motility and morphogenesis compared 
to the wild-type strain (Dhundale et al., 1988a). 

No evidence has been found for the presence 
of a poly(dT-dG) • poly(dC-dA) (TG) element in 
Mx. xanthus (Morris et al., 1986). 
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While the half-life of mRNA is about 3.5 min 
in vegetative cells of Mx. xanthus, 5-10 species 
of mRNA with a much longer half-life (13- 
30 min) could be demonstrated during fruiting 
body formation (Smith and Dworkin, 1981; Nel- 
son and Zusman, 1983). One of the long-lived 
mRNAs is for protein S. The stable mRNA can 
amount up to 30-40% of the total mRNA. 

Although no clear evidence has been pre- 
sented for free, self-replicating plasmids in myx- 
obacteria, several early reports suggest that 
extrachromosomal DNA may be present. Thus, 
after chloramphenicol resistance was induced in 
Mx. xanthus RB, a burst of synthesis of circular, 
covalently linked, extrachromosomal DNA was 
observed (Brown and Parish, 1976a). The resis- 
tance was due to chloramphenicol acetylation 
(Burchard and Parish, 1975). Also, it was possi- 
ble to transfer resistance to several different 
antibiotics from R factor-containing strains of E. 
coli to several Myxococcus species by conjuga- 
tion (Parish, 1975). In some cases, extrachromo- 
somal DNA could be demonstrated in the 
resistant Myxococcus strains, and the resistance 
could be transferred to other Myxococcus strains 
by conjugation. 

PHAGES AND BACTERIOCINS. All myx- 
ophages that have been found thus far contain 
double-stranded DNA of around 50 kbp. The 
first myxophage to be isolated was Mx. xanthus 
phage MX-1. It came from a sample of cow dung 
and is a virulent phage resembling coli phage T2 
with an icosahedral head and a contractile tail 
sheath. It has a latent period of 2-2.5 h (30°C), 
a 2-h rise, and a burst size of about 100 (Burchard 
and Dworkin, 1966a). MX-1 attacks Mx. xanthus 
as well as the related species Mx. virescens and 
Mx. fulvus (Tsopanakis and Parish, 1976). It has 
a genome size of 130-150 x 10^ Da and a G-\-C 
content of 56 mol% (using buoyant density; a 
reinvestigation with a chemical method gave 
50-52 mol%; Brown et al., 1976c). 

MX-1 shows the classical pattern of infection 
and propagation known for E. coli phages (Voelz 
and Burchard, 1971). However, if cells are 
infected with MX-1 during glycerol induction of 
myxospores (see the section Functions of Myx- 
ospores and Fruiting Bodies in this Chapter), 
there is a brief period during which the phage 
may be taken up without interfering with myx- 
ospore induction. The phage is trapped in the 
myxospore and is released upon germination 
(Burchard and Dworkin, 1966a). 

Defective phage particles, originally described 
as rhapidosomes (Reichenbach, 1965a), have 
been seen in several myxobacteria (Reichen- 
bach, 1967; McCurdy and McRae, 1974; Brown 
et al., 1976b). When the ultracentrifugal pellets 
of culture supernatants of six strains of Mx. xan- 
thus, Mx. virescens and Mx. fulvus were exam- 



ined under the electron microscope, all six 
strains produced small quantities of phage parti- 
cles (Brown et al., 1976b). An endogenous bac- 
teriophage was detected in a derivative of Mx. 
xanthus FB through the use of transposon tag- 
ging (Starich et al., 1985). Transposon mutagen- 
esis with Tn5 revealed a class of bacterial 
mutants that transduced the transposon through 
the culture supernatant. Virus-like particles, 
30-35 nm in diameter, co-purified with the trans- 
ducing activity. A physical map of this region of 
the genome comprised multiple units of about 
80 kbp each (Starich and Zissler, 1989). All but 
one of these has been deleted in Mx. xanthus 
DK1622, which was subjected to UV irradiation, 
resulting in a genome that is 220 kbp smaller 
than that of FB (Chen et al., 1990). 

Restriction of phage MX-1 has been shown 
directly with a strain of Mx. virescens (Morris 
and Parish, 1976). The strain became fully sensi- 
tive after curing by UV irradiation. Also, two 
restriction endonucleases have been demon- 
strated in the restrictive strain. Such enzymes 
have been found in many different myxobacteria 
(Mayer and Reichenbach, 1978). Mx8 expresses 
a nonessential DNA methylase, Mox, which 
modifies adenine residues in Xhol and Pst\ 
recognition sites, CTCGAG and CTGCAG, 
respectively, on both phage DNA and the host 
chromosome (Magrini et al., 1997). Mox may 
protect Mx8 phage DNA against restriction 
upon infection of some Mx. xanthus hosts. 

A strategy was applied to isolate transducing 
phages from a collection of Mx. xanthus strains 
using certain sensitive strains as indicators, such 
as strain FB. Several Mx. xanthus phages have 
been isolated (Brown et al., 1976b; Campos et 
al., 1978; Geisselsoder et al., 1978; Martin et al., 
1978), including morphological types either with 
very short tails, e.g., MX-4, or with long tails, e.g., 
MX-8 and MX-9. Also isolated have been ?i-like 
myxophages (Rodriguez et al., 1980). MX-8, 
which has been particularly well characterized 
(e.g., Orndorff et al., 1983; Stellwag et al., 1985), 
is a generalized transducing phage with a linear, 
double-stranded DNA (56 kbp). The genome has 
a terminal redundancy of 8% and is circularly 
permuted over at least 40% of its length. The 
MX-8 prophage is integrated into the bacterial 
genome by a site-specific recombination between 
the attB and attP sites that has been extensively 
examined (Tojo et al., 1996; Salmi et al., 1998; 
Magrini et al., 1999a; Magrini et al., 1999b; Tojo 
and Komano, 2003). Another well-studied trans- 
ducing phage is MX-4 (Campos et al., 1978; 
Geisselsoder et al., 1978). 

Myxobacteria have been shown to produce 
bacteriocins, termed “myxocins.” The first, xan- 
thacin, was discovered in Mx. xanthus (McCurdy 
and McRae, 1974). This myxocin is produced 
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after mitomycin C induction, is active exclusively 
on a few myxobacteria, and consists of spherical 
bodies of somewhat variable size. It resembles 
membrane vesicles and may in fact have been a 
defective phage. Fulvocin C, one of three sub- 
stances with bacteriocin activity from Mx. fulvus 
Mx fl6 (Hirsch, 1977), turned out to be a protein 
consisting of 45 amino acid residues (molecular 
weight 4672 Da) with no lipid or carbohydrate 
attached. Disulfide bridges (probably four) make 
it a very compact molecule (Tsai and Hirsch, 
1981). It was the first bacteriocin for which a 
complete structure could be presented. Fulvocin 
C, at a minimal inhibitory concentration of 0.1- 
0.25 pM, killed 16 out of 17 tested Mx. fulvus 
strains, the exception being the producer, and 
appeared to exert its effect on the cell mem- 
branes (Hirsch et al., 1978). 

Gliding Motility 

Gliding is the translocation of cells on surfaces 
without the use of flagella (McBride, 2001). The 
speed of gliding cells varies, depending on the 
substrate and the temperature; typically it is 
between 3 and 13 pm/min (Mx. virescens, 32°C, 
on peptone agar, measured in movie frames; 
Reichenbach, 1966). Gliding cells always deposit 
slime trails (Fig. 5). Myxococcus xanthus cells 
glide on solid surfaces in the direction of the long 
cell axis at rates of 1-2 pm/min (Kaiser and 
Crosby, 1983) and reverse their direction of 
movement every 6.8 min on average (Blackhart 
and Zusman, 1985). 

Genetic analysis of Mx. xanthus motility has 
revealed the presence of two nearly separate 
motility systems enabling cell translocation over 
solid surfaces (Hodgkin and Kaiser [1979a] and 
Hodgkin and Kaiser [1979b]; for reviews, see 
Shimkets [1990b], Shi and Zusman [1993a], 
Hartzell and Youderian [1995], Youderian 
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[1998], Ward and Zusman [1999], Kaiser [2000a], 
and Kearns and Shimkets [2001a]). The “A” sys- 
tem (for adventurous) enables cells to move as 
individuals without direct contact with other 
cells. In nature this system may allow cell dis- 
persal for foraging. The A system also contrib- 
utes to the movement of cells within groups. Thus 
far, 33 genes known to be essential for A motility 
have been identified and sequenced. From the 
frequency of mutagenesis and the target sizes of 
the genes it has been estimated that about half 
of the A motility genes have been discovered 
(Youderian et al., 2003). Six of these genes 
encode different homologues of the TolR, TolB 
and TolQ transport proteins, suggesting that A 
motility is dependent on biopolymer transport 
(Youderian et al., 2003). 

The mechanism of A motility is unknown. One 
hypothesis is that A motility may involve extru- 
sion of a propellant that swells as it hydrates, 
pushing the cell forward (Wolgemuth et al., 
2002). Another hypothesis is suggested by the 
presence of a complex cell surface apparatus, 
revealed by electron microscopy in Mx. xanthus, 
Mx. fulvus and implied in Sg. aurantiaca. It has 
been suggested that the apparatus produces trav- 
eling waves along the surface of the cell which in 
turn may propel the cell (Freese et al., 1997; 
Lunsdorf and Reichenbach, 1989; Lunsdorf and 
Schairer, 2001). To this point, the A motility 
mutants have not been studied carefully enough 
to provide support for any particular model. 

The “S” system (for social) enables cell move- 
ment only if cells are within one cell length of 
one another (Kaiser and Crosby, 1983). In nature 
this system plays an important role in multicel- 
lular behaviors like fruiting body formation. S 
motility is genetically and functionally similar to 
twitching motility of many Gram-negative bac- 
teria including Pseudomonas and Neisseria 
(Kaiser, 2000a). Twitching and S motile cells 




Fig. 5. Slime tracks as seen on thin agar layers in chamber cultures, a) Nannocystis exedens. b) Myxococcus fulvus; the spots 
on the left are cell clusters, not single cells. Bar = 100 pm. Phase contrast. 
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display tufts of type IV pili (also called “fim- 
briae”) on the leading cell pole (Kaiser, 1979a; 
Henrichsen, 1983). Pili are 5-8 nm wide and may 
exceed the length of a cell (MacRae and 
McCurdy, 1975; MacRae and McCurdy, 1976; 
MacRae et al, 1977; Dobson and McCurdy, 
1979; Arnold and Shimkets, 1988a). Fimbriae 
have been observed with many different species 
of both suborders; the only negative result was 
with Nannocystis, but this may have been due to 
technical problems. The fimbriae may be 
restricted to one of the two cell poles, and up to 
six have been seen per cell (Kaiser, 1979a). Tiny 
holes in the outer membrane, 6. 5-8. 5 nm wide 
and surrounded by a collar of 2.6 nm, which 
sometimes shows a ring of 12 spikes, have been 
proposed to be the insertion sites of the fimbriae 
(MacRae et al., 1977). Movement appears to 
result from pilus extension, pilus attachment, 
and pilus retraction to pull the cell forward like 
a grappling hook (Merz et al., 2000; Sun et al., 
2000; Skerker and Berg, 2001). The pilus retrac- 
tion motor, PilT, is the most powerful molecular 
motor yet examined. The force exerted by a sin- 
gle retracting Neisseria pilus was estimated to 
exceed 100 pN (pico Newtons; Maier et al., 
2002). When a cell reverses direction, the pili on 
one cell pole are replaced by pili on the opposite 
cell pole (Sun et al., 2000). It has been suggested 
that the pili from one cell attach to cell surface 
appendages known as fibrils from another cell to 
mediate group movement (Li et al., 2003). There 
is an excellent correspondence between genetics 
and physiology with regard to S motility. The 
majority of the known S motility genes are 
involved in the production of type IV pili or the 
pilus receptor on the cell surface (Wu and Kai- 
ser, 1995; Wu et al., 1997; Wu et al., 1998; 
Lancero et al., 2002; Li et al., 2003). 

A mutant becomes nonmotile if it is A“S“, 
which normally requires two mutations. A single 
mutation in one gene, mglA, has the same effect, 
suggesting that it is shared between the two sys- 
tems. The mglA gene encodes a 22-kDa GTPase 
that is thought to act as a switch between the two 
motility systems (Hartzell and Kaiser, 1991). 
MglA interacts with MasK, a protein of the STY 
kinase family (Thomasson et al., 2002). MasK, 
expressed in E. coli, was shown to phosphorylate 
tyrosine residue(s). The gain-of-function 
masK815 mutant is restored in S motility and 
displayed increased production of cell surface 
fibrils. Attempts to eliminate the masK gene 
have been unsuccessful, suggesting that it is 
essential for growth. The A motility system also 
utilizes a tyrosine kinase, AgmO, although the 
role of this protein has not yet been determined 
(Youderian et al., 2003). 

Myxococcus xanthus cells show directed 
movements towards glass and latex beads and 



clumps of prey bacteria (Dworkin, 1983a). The 
mechanism(s) of such long range directed move- 
ment remain a mystery. Elasticotaxis, a phenom- 
enon first described by Roger Stanier, results 
from delicate structural disturbances in the sub- 
strate surface, such as are produced in agar plates 
by mechanical stress. Cells orient their move- 
ment perpendicular to stress forces within the 
agar (Stanier, 1942a). Elasticotaxis is mediated 
by the A motility system (Fontes and Kaiser, 
1999). Cells also direct their movement to certain 
chemicals. Chemotaxis has been observed to 
complex chemical mixtures (Shi et al., 1993b) 
and to certain isomers of the major membrane 
lipid phosphatidylethanolamine (PE; Kearns and 
Shimkets, 1998). 

Myxococcus xanthus exhibits the hallmarks of 
chemotactic behavior, excitation and adaptation 
in response to PE. Certain molecular PE species 
increase the reversal period as much as sixfold 
(excitation; Kearns and Shimkets, 1998). Cells 
return to the pre-stimulus reversal frequency 
in about an hour (adaptation; Kearns and 
Shimkets, 1998). Dilauroyl PE (PE-12:0/12:0), 
dioleoyl PE (PE-18:lco9c/18:lco9c), and PE with 
16:lco5c at both the sn-1 and sn-2 positions 
(PE-16:lco5c/16:lco5c) cause excitation, whereas 
many other species do not (Kearns and 
Shimkets, 1998). These results begin to bring into 
focus properties of the as yet unknown PE bind- 
ing protein that serves as the receptor (hereafter 
called “PE receptor”). A major unresolved point 
is whether the PE receptor recognizes the sn-1 
fatty acid, the sn-2 fatty acid, or both. 

Chemosensory systems analogous to those 
found in the enteric bacteria appear to play roles 
in the response to PE. Excitation to PE appears 
to be mediated by the Dif signal transduction 
pathway. The difA gene encodes a methyl- 
accepting chemotaxis protein (MCP), difC 
encodes a CheW homolog, difD encodes a CheY 
homolog, and difE encodes a CheA homolog. 
Excitation to both PE-12:0/12:0 and PE-16:lco5c/ 
16:lco5c requires DifA (Kearns et al., 2000). The 
DifA ligand is unknown, but binding of PE to 
DifA directly is unlikely. The periplasmic face 
of DifA is approximately 15 amino acids, much 
smaller than that of Tar (Kearns and Shimkets, 
2001a). Thus understanding the nature of the 
stimulus for DifA is important. 

Another set of chemosensory genes, the 
“/r/zzy” (frz) genes, also regulates the frequency 
with which the cells change the direction of their 
movement (Blackhart and Zusman, 1985) and 
the response to PE (Kearns and Shimkets, 1998). 
While wild type cells reverse their direction of 
movement every 6-7 min, some Frz mutants do 
so every 2 h or every 2 min. The genes and their 
gene products have been analyzed in consider- 
able detail (for review, see Ward and Zusman, 
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1997). The FrzCD protein encodes the MCP 
(McBride et al, 1989b) and the FrzE protein is 
a fused CheA-CheY homolog (McCleary and 
Zusman, 1990a; McCleary and Zusman, 1990b). 
The frzCD and frzE mutants exhibit excitation 
to PE but had aberrant adaptation (Kearns and 
Shimkets, 1998). As in the enteric bacteria, the 
direction of Mx. xanthus movement is controlled 
by methylation and demethylation reactions in 
the Frz system (McCleary et al., 1990c). 

Extracellular Matrix 

An extracellular matrix composed of polysac- 
charide and protein connects bacteria living in 
biofilms. The extracellular matrix of Mx. xanthus 
appears to be extruded as long thin fibrils, about 
30 nm in diameter, that emanate from many 
points on the cell surface. Fibrils have been visu- 
alized using a wide variety of fixation techniques 
and microscopy methods (Arnold and Shimkets, 
1988b; Behmlander and Dworkin, 1991; 
Behmlander and Dworkin, 1994; Merroun et al., 
2003), most notably transmission electron 
microscopy of freeze-substituted cell thin sec- 
tions (Kim et al., 1999), which is the most 
advanced approach for examining surface layers 
(Beveridge, 1999). Fibril synthesis is induced by 
starvation (Arnold and Shimkets, 1988b), stimu- 
lated by cell contact (Behmlander and Dworkin, 
1991) and Ca^^ (Kim et al., 1999), and repressed 
by the stk locus (Dana and Shimkets, 1993). 

The extracellular matrix is composed of a 
polysaccharide core with noncovalently associ- 
ated protein (Behmlander and Dworkin, 1994). 
Mutants lacking the ability to secrete the extra- 
cellular matrix polysaccharide fail to bind Congo 
red or calcofluor white (Arnold and Shimkets, 
1988a; Arnold and Shimkets, 1988b; Dana and 
Shimkets, 1993; Ramaswamy et al., 1997; Kim 
et al., 1999). The most carefully studied of these 
mutants has been isolated twice; the first was 
based on loss of S motility, where it was called 
dsp (Shimkets, 1986), and the second based on 
loss of development, where it was called dif 
(Yang et al., 1998). Now clearly these two sets of 
mutants are defective in the same genes 
(Lancero et al., 2002). The phenotype of the dsp/ 
mutants provides one level of insight into the 
many functions of the extracellular matrix. These 
mutants are defective in adhesion to surfaces, 
cohesion to other Mx. xanthus cells, S motility 
(also known as twitching in other Gram-negative 
bacteria), fruiting body morphogenesis, spor- 
ulation, developmental gene expression, and 
chemotaxis to phosphatidylethanolamine (PE). 
The dsp /dif mutants are blocked about 8 h into 
the developmental program and fail to express 
roughly one-third of the developmentally regu- 
lated genes (Li and Shimkets, 1993). The dsp /dif 
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locus encodes components of a chemotaxis path- 
way with homology to the Che proteins of 
enteric bacteria (Yang et al., 1998). 

Fibrils are extracted from cells with 0.5% 
sodium dodecylsulfate (SDS) and sedimented 
by low speed centrifugation (Behmlander and 
Dworkin, 1991). Fibrils can restore cohesion, 
chemotaxis, and fruiting body development to 
mutants that cannot produce fibrils by simply 
adding them back to cells (Chang and Dworkin, 
1994; Yang et al., 2000b; Kearns et al., 2002). The 
functions of the many proteins in the matrix are 
as yet unknown. One fibril protein, a zinc metal- 
loproteinase known as FibA, is essential for PE 
chemotaxis to dilauroyl PE and PE-16:lco5c/ 
16:lco5c but not dioleoyl PE (Kearns et al., 
2002 ). 

The excreted polysaccharide appears to con- 
tain amino sugars, among others (Sutherland and 
Thomson, 1975; Sutherland, 1979). Slime from 
fruiting bodies resembles in its overall composi- 
tion that produced in vegetative cultures. In Mx. 
xanthus, fibril polysaccharide is composed of 
galactose, glucosamine, glucose, rhamnose and 
xylose (Behmlander and Dworkin, 1994). A 
large extracellular protein-polysaccharide-lipid 
complex with proteolytic activity has been iso- 
lated from culture supernatants of Mx. virescens 
(Gnosspelius, 1978b). A glycopeptide with a 
heat-stable blood anticoagulant activity, named 
“myxaline,” has been obtained from the culture 
broth of Mx. xanthus (El Akoum et al., 1987; 
Masson and Guespin-Michel, 1988). The glycan 
part contains A-acetyl amino sugars, and the 
peptide is rich in glutamic acid and serine. The 
excreted slime must be chemically different 
in the three suborders of myxobacteria, since 
Congo red (0.01% [w/v] aqueous solution) stains 
the slime of the Cystobacterineae but not that 
of the Sorangineae (McCurdy, 1969b) or the 
Nannocystineae. 

Myxobacterial Colonies 

On media with a relatively low nutrient content 
(like VY/2 and CY agar), colonies of myxobac- 
teria spread over the agar surface. Such colonies 
are called “swarms.” With a few exceptions the 
colony does not move as a whole but simply 
increases in diameter because of gliding motility 
and cell division. 

The appearance of a swarm depends on the 
species and the medium. On rich media, such as 
those with a high peptone content (around 1%), 
myxobacterial colonies may remain small and 
more or less compact; sometimes they are even 
circular, convex, and with an entire edge like 
ordinary bacterial colonies. The typical myxobac- 
terial colony is, however, a swarm sheet consist- 
ing of cells and excreted slime; much of the latter 



CHAPTER 3.4.3 



The Myxobacteria 71 



is probably composed of interwoven slime trails. 
The swarms often contain conspicuous veins, 
rings, and ridges or even depressions in the agar 
surface. Such patterns can be characteristic for 
specific taxonomic groups (see below). The 
swarm sheet can sometimes be loosened from 
the agar surface with water (e.g., with Cysto- 
hacter and Stigmatella); sometimes, however, it 
sticks tenaciously to the agar surface, occasion- 
ally to such an extent that the agar is torn into 
pieces when the aging swarm sheet contracts 
(especially with Sorangium). In some cases, the 
swarm sheet becomes so tough that it is very 
difficult to cut with the inoculating loop (with 
Archangium, Cystobacter and Melittangium); in 
other cases, it is soft and slimy and can easily be 
scraped off the plate (with Myxococcus). Often 
the myxobacteria penetrate the agar (even 1.5% 
agar), and the swarm spreads below the agar 
surface, sometimes penetrating to the very bot- 
tom of the dish (often with Polyangium). In such 
cases, the swarm may completely disappear 
below the surface, and its former position can be 
recognized only by a shallow depression. All 
members of the Sorangineae and Nanno- 
cystineae tend to grow within the agar. However, 
some members of the Cystobacterineae also do 
so, although here it is often a consequence of 
swarm degeneration. Some myxobacteria cor- 
rode the agar surface to the extent that they pro- 
duce long tunnels or large, cavern-like holes in 
the plate. This is typical of Polyangium and espe- 
cially of Nannocystis. 

The swarm edge usually shows characteristic 
fiame-like protrusions, or flares. Sometimes wide, 
tongue-like depressions are produced (by Chon- 
dromyces and other members of the Sorang- 
ineae), or isolated narrow trenches radiate from 
the swarm center far into the surrounding agar 
surface {Polyangium and Nannocystis). Occa- 
sionally, massive ridges are also seen at the 
swarm edge {Chondromyces, Polyangium and 
Nannocystis). At the swarm edge, the swarm may 
consist of only one cell layer, but as a rule the 
swarm sheet is composed of many layers that 
quickly pile up behind the margin. When grow- 
ing on very lean media, most of the swarm may 
be only one cell thick, although even then the 
bacteria tend to concentrate themselves in cer- 
tain areas, such as along radial tracks. In large 
swarms, most of the cell population may be 
found in the outer regions, and if no fruiting 
bodies or myxospores have been produced, the 
interior may be completely deserted. The speed 
of the advancing edge is in the range of 1 mm in 
9 h {Cb. violaceus at 22°C; Reichenbach, 1965b) 
to about 1 mm in 1.6 h {Cystobacter and Stigma- 
tella strains at 30°C). 

Various taxa may be recognized by their 
swarm morphology. When plate cultures are 



fiooded with an aqueous 0.01% (w/v) Congo red 
solution for 5-10 min, the swarm sheets of the 
Cystobacterineae stain a deep violet-red, while 
those of the Sorangineae and Nannocystineae 
remain unstained (McCurdy, 1969b). The swarms 
of Myxococcus and Corallococcus typically 
develop meandering radial veins, which may be 
particularly conspicuous on CY agar; the swarm 
sheet usually remains soft and slimy. In contrast, 
long, more or less straight, branching veins are 
seen in the swarms of Cystobacter, Archangium, 
Melittangium and Stigmatella. On VY/2 agar, the 
swarms of most Sorangineae are sunk into the 
agar and appear as wide shallow depressions at 
the surface. Chondromyces and Sorangium often 
develop long, cable-like veins on the surface that 
sometimes curl into a ring at one end. Also, iso- 
lated rings are often seen in those swarms. With 
Chondromyces swarms, the swarm edge typically 
consists of a series of tongue- and shell-like shal- 
low depressions. Polyangium swarms on VY/2 
agar often penetrate the agar to the bottom and 
characteristically are surrounded by a more or 
less perpendicular, curtain-like zone composed 
of tiny, well-separated cell clumps. Polyangium 
and Nannocystis growing on streaks of auto- 
claved E. coli often produce long, radiating, nar- 
row trenches in the agar surface, with small cell 
clusters (and, later on, fruiting bodies) at the 
end. The two can often be distinguished because 
the tracks and cell clumps of Nannocystis are 
more delicate. On mineral salts-glucose media, 
like CA2 and CK6 agar, Sorangium often pro- 
duces swarms with a beautiful, dense network of 
branching cable-like veins. 

Note that the swarm structures described 
above are usually only seen with strains that have 
recently been isolated. The swarms of strains that 
have been transferred many times, or that have 
been adapted to growth in liquid media, are 
often very different. Such swarms may be soft 
and slimy, lacking all morphological differentia- 
tion, and, in the case of the Cystobacterineae, 
sometimes no longer grow on the surface but are 
sunk into the agar. 

A colony dimorphism has been described for 
Cb. violaceus and Mx. xanthus and is probably 
quite common among myxobacteria (Reichen- 
bach, 1965c; Grimm and Kuhlwein, 1973a; 
Grimm and Kuhlwein, 1973b; Grimm and 
Kuhlwein, 1973c; A. C. Burchard et al., 1977). 
This dimorphism may regulate cell motility and 
consequently the spreading behavior of the col- 
onies. The dimorphism in Cb. violaceus affects 
the slime, the capacity to fruit, and the ability to 
grow as a homogeneous cell suspension. Also, 
pigmentation can be affected (deep and pale vio- 
let in Cb. violaceus, tan or yellow in Mx. xan- 
thus). Usually one colony type is more stable, but 
segregation in both directions is possible, sug- 
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Fig. 6. Oscillating ridges or ripples. Stigmatella erecta on 
Casitone agar; dissecting microscope, oblique illumination. 
Bar = 200 pm. 



gesting a phase variation. Both cell types may 
serve essential functions in nature. In Mx. xan- 
thus, the tan cells preferentially make spores in 
spite of the fact that tan locked mutants are inca- 
pable of completing sporulation unless yellow 
cells are provided (Laue and Gill, 1995). The 
results suggest that the yellow cells provide a 
factor enabling spore maturation. 

A striking feature of myxobacterial swarms is 
the ability of the cells to organize their move- 
ment in waves that have been referred to as “rip- 
ples,” “oscillatory waves,” or “traveling waves.” 
Dense fields of regularly arranged ridges are 
found in long, parallel rays. They are positioned 
parallel to one another and perpendicular to the 
direction of the ray. The distance between the 
ridges is uniform and is approximately equal to 
the width of the ridges (Fig. 6). In Mx. xanthus, 
a distance of 45 pm from crest to crest has been 
measured (Shimkets and Kaiser, 1982). The phe- 
nomenon was discovered when movies of devel- 
oping Corallococcus and Myxococcus swarms 
were first made. They showed that the ridges 
actually move, so that the whole field appears to 
oscillate; hence, the ridges were called “oscillat- 
ing waves” (Reichenbach, 1965a; Reichenbach 
et al., 1965f; Reichenbach et al., 1965g). In fact, 
the movements of the ridges may even speed up 
and slow down, or pulsate, over a period of sev- 
eral hours. The movement of the ridges is fast 
enough to be recognized under the dissecting 
microscope; a speed of about 2 pm/min has been 
measured in Mx. xanthus (Shimkets and Kaiser, 
1982). Traveling waves were later found in many 
other myxobacteria. They appear to occur with 
all Cystobacterineae and occasionally are also 
observed with members of the Sorangineae, e.g., 
Chondromyces. With Sg. aurantiaca, even waves 
travelling in opposite directions along the same 
path have been seen (Reichenbach et al., 1980). 
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The mechanism of cell movement in the trav- 
eling waves has been examined extensively in 
Mx. xanthus (Shimkets and Kaiser, 1982; Sager 
and Kaiser, 1994; Sager, 1996; Igoshin et al., 
2001; Welch and Kaiser, 2001; Borner et al., 
2002). Rippling can be induced by purified pep- 
tidoglycan and peptidoglycan components, such 
as A-acetyl-glucosamine, A-acetylmuramic acid, 
diaminopimelic acid, and D -alanine (Shimkets 
and Kaiser, 1982). The CsgA cell signaling pro- 
tein is essential (Shimkets and Kaiser, 1982). Cell 
movement occurs along the same axis as the 
rippling movement and is periodic (Sager and 
Kaiser, 1994; Sager, 1996; Welch and Kaiser, 
2001). The periodicity of individual cells matches 
the period of macroscopic rippling. When two 
cells moving in opposite directions meet end to 
end, they reverse their gliding direction. This 
periodicity is thought to be linked to the C signal, 
a cell contact-mediated signaling molecule. 
Mathematical models quantitatively reproduce 
the experimental observations and illustrate how 
intracellular dynamics, contact-mediated inter- 
cellular communication, and cell motility can 
coordinate to produce this behavior (Igoshin 
et al., 2001; Borner et al., 2002). These models of 
traveling waves illustrate how cell-contact inter- 
actions rather than reaction diffusion can regu- 
late biological pattern formation. 

Finally, the shape of myxobacterial swarms 
may become distorted by stress lines in the agar 
plate produced, for example, by mechanical pres- 
sure and stretching, a phenomenon known as 
“elasticotaxis” (Stanier, 1942). Elasticotaxis is 
due to A motility (Fontes and Kaiser, 1999). 

Fruiting Bodies 

The outstanding trait of the myxobacteria is their 
ability to form multicellular fruiting bodies (Figs. 
7-10), which serve as the housing for the resis- 
tant resting cells, the myxospores. The processes 
that lead to their formation make the myxobac- 
teria the object of considerable interest as model 
systems for the study of development. There are 
some excellent reviews focusing on different 
aspects of fruiting body and myxospore develop- 
ment: Kaiser (1989), Dworkin (1991), Dworkin 
(1996), White (1993), Shimkets and Dworkin 
(1997c), Shimkets (1999), and Ward and Zusman 
( 2000 ). 

DESCRIPTION OF FRUITING BODIES. 
The terminology used to describe the structural 
components of myxobacterial fruiting bodies is 
illustrated in Fig. 13. Although complete consis- 
tency with usage of terms in other biological sys- 
tems is not possible, terms that have already 
acquired a well-defined meaning in other sys- 
tems should be avoided if they are inappropriate. 
The term “fruiting body” has a long tradition of 
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use and may be acceptable in connection with 
myxobacteria, although in biology, fruiting usu- 
ally implies sexual processes, and no such events 
seem to be involved in the case of the myxobac- 
teria. The term “sporangium” has also been 
applied to these structures, but this term is even 
more suggestive of sexuality and is best avoided. 
Most types of fruiting bodies are composed of 
myxospores, and the walled portions containing 
these myxospores are in fact communal cysts; 
they have traditionally been referred to as 
“cysts.” However, since the term “cyst” in micro- 
biology is applied to quite a different structure 
(i.e., dormant, encapsulated single cells), we pro- 
pose to use the term “sporangiole” instead and 
to accept its obvious shortcomings. The advan- 
tage of the term sporangiole over “sporangium” 
is that it is a relatively unusual term and has been 
used only in connection with a restricted group 
of fungi (Mucorales), where it is not even used 
with a consistent meaning. Its use here is thus 
less likely to cause confusion. Incidentally, the 
term sporangiole was applied to these myxobac- 
terial structures by Link (1809) in the very first 
description of a myxobacterium, PL vitellinum 
(Fig. 14). The simplest myxobacterial fruiting 
bodies are mounds of either soft or hardened 
slime, in the latter case often having bizarre 
shapes (Corallococcus and Archangium) or in 
the former typically having a knob or head 
with a constriction or a stalk at the base 
(Myxococcus). 

The size of myxobacterial fruiting bodies var- 
ies between 10 and 1000 pm or greater depend- 
ing on the species. Many can be seen with the 
naked eye, especially as they are normally pro- 
duced in large numbers and often are brightly 
colored in hues of yellow, orange, red, brown or 
black. The distribution of fruiting bodies over the 
swarm usually is random, but sometimes fruiting 
bodies arise in concentric rings or along radial 
veins or in various patterns controlled by elasti- 
cotaxis (Stanier, 1942a). Fruiting proceeds in the 
swarm from the center to the periphery. The 
shape, structure and color of fruiting bodies is 
species specific — in fact myxobacterial species 
are mainly defined by their fruiting bodies — but 
similar shapes were developed by completely 
unrelated species, e.g., Stigmatella and Chondro- 
myces, or Cystobacter, Polyangium, Byssoph- 
agia, Jahnia and Sorangium. Also, the shape and 
color of fruiting bodies may vary substantially 
within the species. 

Most myxobacteria enclose their myxospores 
in sporangioles, i.e., containers with well-defined 
walls; the interior of the sporangioles is always 
hard and tough. The sporangioles may occur sin- 
gly or in groups; they may rest either directly on 
or in the substratum or on simple or branched 
slime stalks. 



The following key gives a survey of the differ- 
ent fruiting body types and their relation to 
the various myxobacterial taxa. Photographs of 
fruiting bodies of most species are provided for 
reference (Figs. 7-10). Keep in mind, however, 
that fruiting body structure and morphology 
often degenerate quickly after a few transfers 
upon isolation. Also, strains may be isolated that 
produce degenerate fruiting bodies from the 
very beginning. In such cases, only completely 
atypical knobs and ridges of slime and myx- 
ospores are formed. In addition, the fruiting 
bodies of several myxobacteria have also been 
studied with the scanning electron microscope, 
and some very impressive pictures have been 
obtained (e.g., Brockman and Todd, 1974; 
Stephens and White, 1980b; Galvan et al., 1981; 
Stephens et al., 1982). 

Key to the Fruiting Body Types 
of Myxobacteria 

1. Naked masses of slime and myxospores . . 

2 

1'. Myxospores encased in sporangioles .... 3 

2. Fruiting body soft-slimy 

Myxococcus (Kofleria) 

2'. Fruiting body hard, cartilaginous 

Corallococcus, Archangium 



3. Sporangioles single 4 

3'. Sporangioles in groups 5 



4. Single sporangiole located on or in the 

substrate Nannocystis, Haploangium 

4'. Single sporangiole on top of a stalk 

Melittangium, Stigmatella erecta 

5. Group of sporangioles on or in the 

substrate 

Cystobacter, Pyxicoccus, 

Polyangium, Sorangium, Nannocystis, 
Haliangium, Byssophaga 

5'. Group of small spherical sporangioles that 
are often empty and then look glassy trans- 
parent, arranged in extended, dense sheets. 



or often in chains Hyalangium 

5". Coils of sporangioles sitting on a slime 

cushion or soft slime stalk Jahnia 

5'". Cluster of sporangioles on top of an 
unbranched stalk 



Stigmatella aurantiaca, most 

Chondromyces species 
5"". Clusters of sporangioles on a branched 
stalk Chondromyces crocatus 

More or less the same morphological types of 
fruiting bodies are found in the suborders Cysto- 
bacterineae and Sorangineae (with the qualifica- 
tion that the Sorangineae produce only fruiting 
bodies with sporangioles). Still, the course of 
morphological differentiation may be different 
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with seemingly identical fruiting body types. 
Thus, Chondromyces and Sg. aurantiaca both 
form little treelets, but the stalks and sporangi- 
oles are produced in a different way in the two 
cases. While Chondromyces excretes a slime 
stalk that lifts the undifferentiated cell mass 
upward, and differentiation of the sporangioles 
occurs as the last step, Sg. aurantiaca piles up a 
mass of cells with approximately the shape and 
size of the final fruiting body, then the cells either 
withdraw from the stalk area or degenerate and 
lyse in that part, and the sporangioles mature 
(Fig. 11). 

As has already been mentioned, stalks, spo- 
rangiole walls, and pigments are produced 
during fruiting but nothing is known about the 
chemical composition of these structures and 
substances. Under the electron microscope, the 
stalk of Cm. crocatus is seen to consist of numer- 
ous parallel tubes, which are approximately 
the diameter of a cell and run in the direction of 
the long axis of the stalk (McCurdy, 1969a; 
Abadie, 1971b). The stalk of Sg. aurantiaca was 
found to be composed of tubules wedged against 
each other and containing cell debris but only 
rarely a cell or myxospore; the stalk was sur- 
rounded by a thin, dense surface layer resem- 
bling the wall that surrounds the sporangioles 
(Voelz and Reichenbach, 1969). The stalk of Sg. 
erecta also was found to be cell free and to consist 
of slime, although in this case tubules could not 
be distinguished (Galvan et al., 1987). In con- 
trast, scanning electron micrographs suggested 
that the stalk of Sg. aurantiaca is cellular 
(Stephens and White, 1980b). The contradiction 
is not yet resolved; perhaps the fruiting bodies 
examined with the scanning electron microscope 
had not yet fully matured. In any case, under the 
light microscope the stalk of Sg. aurantiaca looks 
translucent, unpigmented, and white and thus 
completely different from the opaque, dark 
brown sporangioles. 

The base of fruiting body stalks is often clearly 
disk-shaped. The disks apparently arise early 
during fruiting body development when the 
aggregated cells move on a circular path at the 
site of fruiting. 



Little is known about the arrangement of the 
cells within the developing fruiting body, but it 
appears that this arrangement, and perhaps rear- 
rangements by migrations of certain cell popula- 
tions, may play a major role during fruiting body 
morphogenesis (O’Connor and Zusman, 1989; 
Sager and Kaiser, 1993). Many species surround 
the cell mass with a tough wall, often after a 
subdivision of the original mass into portions of 
approximately equal size, thus creating sporangi- 
oles, either single or in clusters. In Me. boletus, a 
very regular pattern of three or more layers of 
strictly parallel cells has been observed (Jahn, 
1924). Tlie cells are perpendicularly arranged on 
the outer surface of the fruiting body, and it has 
been suggested that they are responsible for the 
secretion of the sporangiole wall. In developing 
Cb. fuscus sporangioles, the cells in the outer 
layers lie parallel to the surface. 

The wall of the sporangioles is very thin, about 
30 nm in Cm. crocatus (Abadie, 1971b) and 200- 
300 nm in Cystobacter (Vahle, 1910; Jahn, 1924). 
It dissolves in potassium hypochlorite solution 
(Vahle, 1910) and is intensely colored by pig- 
ments that are not identical with those of the 
cells and cannot be extracted by any of the nor- 
mal solvents (Vahle, 1910). The chemical compo- 
sition and the origin of the wall are not known. 
It has been suggested that cells lying at the sur- 
face excrete the wall (Jahn, 1924). Or perhaps it 
is formed by fusion of the cells forming the top 
layer. In Me. boletus, the cells in the developing 
sporangiole are arranged in a regular pattern in 
rows of parallel rods standing perpendicular to 
the surface. Thus, in this case it seems that the 
wall is excreted from one cell pole only (Jahn, 
1924). How the size of the sporangiole is deter- 
mined within the undifferentiated cell mass is 
one of the many unsolved questions in myxobac- 
terial morphogenesis. During germination the 
sporangiole wall is ruptured mechanically, and 
an empty husk remains after the cells leave. 

Fruiting Body Morphogenesis 

The fruiting bodies are produced by the coordi- 
nated movement of 10^ to 10^ swarm cells that 



◄ 

Fig. 7. Myxobacterial fruiting bodies, a) Cystobacter ferrugineus on VY/2-agar; culture is 4 weeks old; the organism has spread 
all over the plate and produced numerous dark brown fruiting bodies; the diameter of the plate is 9 cm. (b-d) Corallococcus 
coralloides: b) swarm on VY/2 agar, with numerous fruiting bodies; the delicate swarm edge and the clear lysis zone in the 
yeast agar are well recognizable; c) field of fruiting bodies at higher magnification; d) a single fruiting body, in situ on the 
agar surface, e) Myxococcus stipitatus, fruiting body at the edge of a piece of filter paper, in situ, f) Myxococcus fulvus, fruiting 
bodies on a soil crumb, in situ, (g-j) Archangium-\ikQ fruiting bodies: g) Archangium gephyra, large fruiting body in situ on 
agar surface; h) Cystobacter ferrugineus, fruiting body with only rudimentary differentiation into sporangioles, in situ on agar 
surface; i) Cystobacter, probably Cb. ferrugineus, with totally degenerated fruiting bodies, in situ on agar surface;]) Cystobacter 
strain with typical ''Archangium'' fruiting bodies, in situ on agar surface; k) Cystobacter velatus, fruiting bodies in situ on agar 
surface, covered with a delicately plicated slime sheet; and 1) the same organism at lower magnification; one can see some of 
the enormous number of fruiting bodies that may be produced under suitable conditions. Bar = 5 mm in b), 500 pm in c), 
200 pm in 1), and 100 pm in the remaining micrographs. 
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Fig. 8. Myxobacterial fruiting bodies, (a-c) Stigmatella aurantiaca: a) fruiting body in situ on an agar surface; b) fruiting body 
with its sporangioles on exceptionally long peduncles, in situ; c) early developmental stage of a fruiting body, mounted in 
“Miracle Mount” (Cunningham, 1972) to make it transparent; the stalk still consists mainly of cells that later migrate into 
developing sporangioles or degenerate; the young sporangiole in the upper left corner shows the developing sporangiole wall 
that ends in a collar at the base of the sporangiole; phase contrast, d) Although this fruiting body strikingly resembles those 
of certain Polyangium (see h) or Sorangium species (see g), it still is that of a Cystobacter, Cb. minus, as is clearly shown by 
the shape of the vegetative cells; interference contrast, e) Stigmatella erecta, fruiting bodies in situ on agar surface, f) 
Melittangium lichenicola, fruiting bodies in situ on a piece of wood, g) Sorangium cellulosum on filter paper, cautiously 
squeezed slide mount; the shape of the fruiting bodies is often controlled by the orientation of the remnants of the wood 
fibers and tracheids, along and within which they develop; phase contrast, h) Polyangium sp., fruiting body in crude culture 
in situ on agar surface; note the deep path that has been etched into the agar surface by the migrating bacterial mass (compare 
with Fig. 2c) before it encased itself in sporangioles; the tiny dots all over the agar surface are encysted amoebae, i) Jahnia 
thaxteri, fruiting bodies on filter paper, in situ, (j-m) Chondromyces apiculatus: j) cluster of fruiting bodies on surface of filter 
paper, in situ; dissecting microscope; k) early (club) stage of sporangiole differentiation; dissecting microscope; 1) mature 
fruiting body; m) small, mature, fruiting body in “Miracle Mount” (Cunningham, 1972) to make it transparent; the myxospores 
within the turnip-shaped sporangioles can just be recognized; the slime stalk, in contrast, is cell free; phase contrast. And n) 
Nannocystis exedens; the fruiting bodies are single sporangioles of very variable size and are embedded in the agar substrate; 
slide mount, phase contrast. Bar = 50 pm in (c), 200 pm in (i), 400 pm in ( j), and 100 pm in the remaining pictures. 

◄ 




Fig. 9. Myxobacterial fruiting bodies: Pyxicoccus fallax. a) In crude cultures and on natural substrates the sporangioles tend 
to be disk-shaped and loosely stacked but, as shown here, in pure culture, they are more or less spherical and tightly attached 
to each other, b) At high magnification, the walls of the sporangioles, although only about 1 mm thick, become clearly 
recognizable, c) When the sporangioles are crushed, they release optically retractile, spherical myxospores, shown here at the 
same magnification as the sporangioles in (b), which look exactly like Myxococcus myxospores. (b) and (c) are in phase 
contrast. Bar = 100 pm in (a), 50 pm in (b) and (c). 



retain their physical individuality throughout 
this process of cooperative morphogenesis (Fig. 
12). Formation of fruiting bodies can schemati- 
cally be divided into a number of developmental 
stages: 1) environmental signal(s) to direct the 
vegetatively growing cells to a developmental 
path (Kaiser, 2000b); 2) cell aggregation or accu- 



mulation; 3) emergence of molecules on the cell 
surface that mediate cell adherence; 4) rear- 
rangement or clustering of the cells within the 
original undifferentiated mass; 5) creation of 
the specific shape of the fruiting body, perhaps 
the most fascinating event in the whole 
sequence; 6) production of special structural 
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Fig. 10. Myxobacterial fruiting bodies, a) Sorangium cellulosum, on VY/2 agar in situ (compare with Fig. 9). (b and c) Jahnia 
thaxteri; b) on agar surface in situ; a mass of tightly packed sporangioles is situated on a stalk-like cushion of slime: the whole 
fruiting body looks like a false morel; c) when mounted in “Miracle Mount” (Cunningham, 1972), the individual sporangioles 
can easily be distinguished, d) Chondromyces pediculatus, fruiting body on a soil crumb, embedded in Miracle Mount, (e and 

f) Chondromyces crocatus, both in Miracle Mount: e) a young, not yet fully differentiated stage; in dark field illumination, 
the translucent, cell-free stalk and the densely packed cell masses on its top are clearly distinguished; f) mature fruiting body; 
at the base of the stalk some encysted soil amoebae are seen, (g and h) Chondromyces lanuginosus, both in Miracle Mount: 

g) survey of the whole fruiting body; and h) view from above showing the end face of the sporangioles covered with little 
tails, (f to h) in phase contrast. All bars = 100 mm. 

◄ 




Fig. 11. Similar fruiting body shapes 
may be reached in different ways, as 
shown here for Chondromyces apicu- 
latus (above) and Stigmatella auranti- 
aca (below), two organisms formerly 
thought to be closely related. The 
hatched areas indicate where the cells 
are located at the various stages. 




elements (stalks and sporangiole walls; sporan- 
gial walls are produced only after the shape of 
the fruiting body has been obtained); and finally, 
7) during the maturation phase, conversion of 
the vegetative cells into myxospores (White, 
1993). In addition, cell-cell signals are exchanged 
throughout the entire process. 

Under optimal conditions, the bacteria may go 
through the whole developmental cycle within 
12-24 h. Fruiting body induction as well as the 
individual steps of differentiation are subject to 
control by environmental factors such as nutri- 
ents, pH, divalent cations, and temperature. In 
at least two cases (Cm. apiculatus and Sg. 
aurantiaca), normal development takes place 
only in illuminated cultures (Reichenbach, 
1974a; Reichenbach, 1974b; Qualls et al., 1978; 
Stephens and White, 1980a). The course of fruit- 



ing body formation has been documented for 
different genera and species in several scientific 
films (Reichenbach et al., 1965d; Reichenbach 
et al., 1965e; Reichenbach et al., 1965f; Reichen- 
bach et al., 1965g), which show the sequence of 
events during fruiting. 

Fruiting body formation by Mx. xanthus has 
been the subject of the most intense scrutiny, and 
a great deal is known about the various signals 
that are exchanged during conversion of the veg- 
etative cells to the simple Myxococcus fruiting 
body (Fig. 8). Five such signals, A through E, 
have been identified and are described in detail 
in Shimkets (1999). On the other hand, the sig- 
nal(s) that directs movement of the vegetative 
cells into the aggregation center has remained 
mysterious. While it is intuitively plausible that 
the process is driven by chemotaxis, and indeed. 
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Fig. 12. Cooperative morphogene- 
sis in myxobacteria. The organism 
shown in the diagram is Chon- 
dromyces apiculatus. Symbols: A, 
germinating sporangiole; B, C, 
development of a swarm colony; D, 
vegetative cells; E, aggregation of 
vegetative cells at various places 
within the swarm. F to J, fruiting 
body development; F, knob stage; G, 
excretion of the slime stalk, cells all 
concentrated in the terminal knob; 
H, the terminal mass begins to dif- 
ferentiate, forming wart-like protru- 
sions which later elongate into (I) 
club-like structures and finally 
mature into (J) turnip-shaped spo- 
rangioles; K, myxospores. 



chemotactic behavior has been demonstrated 
(see the section Gliding Motility in this Chapter), 
whether chemotaxis per se directs the cells into 
the centers has not been demonstrated. 

Myxospores 

Within the maturing fruiting body, a cellular 
morphogenesis takes place, i.e., the production 
of myxospores. In the suborder Cystobacter- 
ineae, this always means a rather dramatic short- 
ening and fattening of the vegetative rods into 
spheres or at least into short, fat rods. The myx- 
ospores surround themselves with a capsule that 
may, however, be rather thin and recognizable 
only under the electron microscope. Also, they 
become optically retractile. In the suborders Sor- 
angineae and Nannocystineae, the shape change 
is much less extensive. The vegetative cells may 



become somewhat shorter and slightly con- 
stricted in the middle. Often they also become 
optically retractile and may (e.g., in Cm. croca- 
tus; Abadie, 1971b) or may not develop a thin 
capsule. The fine structure of myxospores, for- 
merly also called “microcysts,” has been studied 
with six organisms: Mx. xanthus (Voelz and 
Dworkin, 1962; Voelz, 1966a; Bacon and Eiser- 
ling, 1968; Kottel et al., 1975), Sg. aurantiaca 
(Reichenbach et al., 1969b; Voelz and Reichen- 
bach, 1969), Sg. erecta (Galvan et al., 1987), 
Archangium gephyra (Galvan et al., 1992), So. 
cellulosum (Lampky, 1976), and Cm. crocatus 
(McCurdy, 1969a; Abadie, 1971b). Myxococcus 
xanthus has a very thick, layered capsule, which 
can be seen under the light microscope, espe- 
cially after staining with India ink. The capsule 
appears to be reduced in thickness during germi- 
nation and is left back by the emerging vegeta- 
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Fig. 13. The terminology for myxo- 
bacterial fruiting bodies and their 
structural components. 
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Fig. 14. Polyangium vitellinum, probably the first drawing of a myxobacterium to be published (Link, 1809). The original 
description of this still-valid genus and species reads as follows: “Among the Gasteromycetes in front of Endogene is to be 
inserted: Polyangium. Sporangium spherical or distortedly ovoid. Sporangioles very large in relation to the sporangium, ovoid, 
crammed full with a granular material. The sporangium consists of a thin, translucent, gelatinous, vesicular membrane 
enclosing four to six ovoid sporangioles which are filled with a colored granular mass. Sporidia could not be distinguished. 
P vitellinum, with small yolk-colored spots, is to be counted among the smallest (species) of the order. It is found on old tree 
trunks, either singly or in groups of two or three, and can be recognized by its intense yolk color. Discovered by my friend 
Ditmar. Is to be inserted among the Gasteromycetes after Tremella'' (Translated from the Latin.) 



five cell as an empty shell. The cell wall is 
retained intact during sporulation. In the cyto- 
plasm, polyphosphate and polysaccharide gran- 
ules can be seen. In glycerol-induced spores (see 
below), about 75% of the capsule is a polysac- 
charide consisting entirely of galactosamine and 
glucose (Kottel et al., 1975). Artificially induced 
myxospores fold their outer membrane into 
vesicular and tubular structures. An interesting 
open question is what happens with the gliding 
apparatus during shape change. 

With Sg. aurantiaca fruiting body myxospores, 
the outer membrane also becomes ruffied or 
folded; in artificially induced myxospores, these 
folds form densely packed membrane bodies 



between the cytoplasmic membrane and the cap- 
sule. Presumably, the outer membrane cannot be 
melted in during cell conversion and therefore is 
conserved in this way. As artificially induced cells 
change their shape much faster than cells in 
developing fruiting bodies, the phenomenon is 
more pronounced in the former. In both types of 
myxospores, polyphosphate and polysaccharide 
granules can be seen; the surface of the latter is 
densely covered by small, dark, ribosome-like 
particles. Essentially the same type of myxo- 
spores is found in fruiting bodies of Sg. erecta 
and Ar. gephyra; the latter may contain large, 
fusiform bodies with a crystalline internal struc- 
ture, probably protein crystals. Fruiting body 
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myxospores of So. cellulosum seem to be devoid 
of a capsule. They are full of large, electron trans- 
lucent granules, probably polysaccharide, which 
is also found near the poles of vegetative cells. In 
fact, phase (bright-pole) regions are observed 
under the phase contrast microscope in older 
vegetative cells. Mesosome-like membrane 
stacks are seen deep in the interior of the myx- 
ospores. Fruiting body myxospores of Cm. cro- 
catus were found with and without a capsule. 
Also in this case mesosomes were present. 
Further, polysaccharide granules, slime vesicles, 
a ruffled outer membrane, and areas of vesicular 
or tubular outer membrane structures do occur. 
The arrangement of myxospores within the 
sporangioles is normally at random, but for Me. 
boletus an orientation strictly perpendicular to 
the outer wall has been described (Jahn, 1924). 
In Cystobacter fuscus sporangioles, a pattern 
of surface-parallel myxospores can be seen 
impressed on the inner face of the wall (Jahn, 
1924). In cultures, myxospores are often pro- 
duced free, outside of fruiting bodies. 

With the discovery that the addition of glyc- 
erol to suspension cultures of Mx. xanthus 
induces the vegetative cells to convert synchro- 
nously within 90 min into myxospores (Dworkin 
and Gibson, 1964a), a well-defined experimental 
system for the study of morphogenesis in myxo- 
bacteria became available. This led to a host of 
studies on the events during induction and con- 
version. Nevertheless, as yet, there are no com- 
pelling insights into the mechanism of glycerol 
induction or sequence of the events leading to 
the formation of the myxospore. Details can be 
found in the reviews mentioned in the beginning 
of this section. Many other myxobacteria can 
also be induced to sporulate by adding chemicals 
to suspension cultures. Stigmatella aurantiaca can 
be induced by 40 different chemicals acting on at 
least three different receptors, as is suggested by 
reciprocal induction-resistant mutants (Gerth 
et al., 1993; Gerth and Reichenbach, 1994). 
Induction in Sg. aurantiaca is also possible by 
high temperatures just below the temperature 
maximum, and inductions by heat and by chem- 
icals complement each other. This could mean 
that stress receptors and heat shock proteins play 
a role in myxospore induction, possibly within 
fruiting bodies, too (Heidelbach et al., 1993). 

Myxospores are clearly designed for survival 
under unfavorable environmental conditions. 
Myxospores of Mx. xanthus are much more resis- 
tant to elevated temperatures (60° C), ultraviolet 
light, and sonic vibration than vegetative cells 
are (Sudo and Dworkin, 1969). In contrast to 
vegetative cells, myxospores are completely des- 
iccation resistant and can be lyophilized. Dried 
myxospores may survive for at least 20 years at 
room temperature. In the dried state, tempera- 
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ture resistance of myxospores becomes espe- 
cially impressive. Strains of Myxococcus, 
Corallococcus, Archangium, Cystobacter, Poly- 
angium and Sorangium survived for 30 min at 
140°C; Corallococcus, Archangium, Polyangium 
and Sorangium survived for 45 min; and Arch- 
angium and Polyangium even survived for 
60 min. But 140°C for 240 min or 145°C for a 
short time killed all myxobacteria (H. Reichen- 
bach, unpublished results). 

Heat resistance of myxospores is often useful 
for the isolation of pure strains. To eliminate 
contaminants, fruiting body suspensions can be 
heated at 58°C for 15 or 40 min with good suc- 
cess. In Mx. xanthus, myxospore resistance to 
heat and desiccation appears to be accompanied 
by the accumulation of trehalose up to 1.1 qg/mg 
protein (McBride and Zusman, 1989a). To dis- 
cuss here other details of the numerous studies 
on morphogenesis in myxobacteria is impracti- 
cal; they will be found in several of the reviews 
mentioned at the beginning of this section 
(however, see also Sudo and Dworkin [1973], 
Shimkets [1987], Shimkets [2000], Ward and 
Zusman [2000], and White and Schairer [2000]). 

Functions of Myxospores and 
Fruiting Bodies 

The function of the myxospore is intui- 
tively obvious. The metabolic quiescence of 
myxospores of Mx. xanthus (Dworkin and 
Niederpruem, 1964b) and their resistance to 
desiccation, temperature extremes, and UV light 
(Sudo and Dworkin, 1969) allow the organism to 
withstand environmental extremes and to persist 
for long periods during conditions that may not 
be optimal for growth. However, the function 
of the fruiting body is more subtle; “The most 
important question involving life history 
strategies is Why does one have fruiting bodies 
at all ... ?” (Bonner, 1982). 

While Bonner’s question pertained to Dictyos- 
telium discoideum, it is equally applicable to the 
myxobacteria. The function of the fruiting body, 
whether structurally simple as in Myxococcus or 
complex as in Chondromyces, relates ultimately 
to the “wolf pack” mode of feeding that is char- 
acteristic of all myxobacteria (Dworkin, 1973a). 
All the myxobacteria that have been so exam- 
ined feed by means of excreting a battery of 
hydrolytic enzymes that enable them to degrade 
macromolecular debris or to lyse and feed on 
other cells (see the section Lysis of Other Bacte- 
ria in this Chapter). As a result, they are at the 
mercy of diffusion — of their enzymes away from 
the cell and of solublized nutrients toward the 
cell. Thus, feeding at a high cell density and 
thereby concentrating the hydrolytic enzymes 
and the resultant products is an advantage. 
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Rosenberg et al. (1977) has experimentally veri- 
fied this hypothesis in Mx. xanthus. One may 
therefore view the fruiting body as a device for 
concentrating the cells, prior to their entrance 
into the resting state, so that upon germination 
they may immediately be present at a sufficiently 
high cell density to generate a swarm and thus to 
feed efficiently. The particular organization of 
the sporangioles that is characteristic for each 
species may simply reflect the optimal packaging 
of the myxospores, so that upon germination, 
multiple emerging swarms are poised to begin 
feeding at their optimal cell densities. 

Lysis of Other Bacteria 

The ability of the myxobacteria to lyse and feed 
on other cells and to hydrolyze a variety of 
insoluble macromolecules is well documented 
(Rosenberg and Varon, 1984), is characteristic of 
the myxobacteria, and accounts for the life style 
and multicellular proclivity of this group. Tbis 
ability was observed early in the history of the 
myxobacteria, and the literature is full of such 
reports (e.g., Beebe, 1941; Singh, 1947; Nolte, 
1957; Margalith, 1962; Bender, 1963; Raverdy, 
1973). For this activity, a battery of cell-wall lytic 
enzymes, lipases, nucleases, polysaccharidases 
and nucleases as well as antibiotics and bacteri- 
ocins are produced (Rosenberg and Varon, 
1984). 

Studies on bacteriolytic activities led to the 
first studies on myxobacterial exoenzymes (e.g., 
Noren, 1960a; Bender, 1962; Hart and Zahler, 
1966, Haska, 1969; Huttermann, 1969; Sudo and 
Dworkin, 1972). Some of the responsible 
enzymes have since been purified to varying 
degrees and have been biochemically character- 
ized. While a complete bacteriolysis obviously 
requires many different enzymes, all of the stud- 
ies on bacteriolytic enzymes of myxobacteria 
have concentrated on peptidoglycan-degrading 
enzymes. A glucosaminidase, an amidase, and an 
endopeptidase cleaving D-Ala/diaminopimelic 
acid and D-Ala/Lys bonds and proteases have 
been obtained from culture supernatants of Mx. 
xanthus (Sudo and Dworkin, 1972). Three bacte- 
riolytic enzymes have been isolated and highly 
purified from Mx. virescens (Haska, 1972a; 
Haska, 1972b; Haska, 1974); two of them proved 
to be endo-p-V-acetylglucosaminidases and the 
third an endopeptidase which could be purified 
by adsorption to montmorillonite followed by 
selective desorption (Haska, 1974; Haska, 1975). 
The fact that the bacteriolytic enzymes retain 
some of their activity when they are adsorbed to 
clay minerals may be of ecological relevance 
(Haska, 1981). The addition of Cll through C15 
fatty acids (about 2 mM) to suspensions of the 
target bacteria increased the efficiency of the 



bacteriolytic enzymes substantially (Haska et al., 
1972c). In contrast to the two myxococci, Cc. 
coralloides excreted an enzyme with a murami- 
dase (i.e., lysozyme) activity (Harcke et al., 
1972). (Additionally, the “Sorangium'' isolate 
whose enzymes are often discussed in this con- 
nection was in reality a species of Lysobacter.) 

Little is known about the enzymes with which 
microorganisms other than bacteria are 
attacked. Living cells of four yeast species could 
not be degraded by Mx. xanthus enzymes, but 
they were digested after a prior treatment with 
cysteine or organic solvents or after heating; in 
contrast, living cells of the yeast-like fungus 
Pullularia (Dematium) pullulans were partially 
decomposed (Bender, 1963). Isolated cell walls 
of Saccharomyces cerevisiae also could not be 
degraded by enzymes from Mx. fulvus Mx strain 
f80 without a brief heat treatment (Borchers, 
1982). Apparently, the mannoprotein layer on 
the outside of the yeast cell wall protects the 
susceptible material. Two inducible enzymes 
have been demonstrated in the culture super- 
natant of Mx. fulvus Mx f80: 1) a laminarinase 
with a high specificity for p-l,3-glucosidic 
bonds cleaving laminaran endolytically with 
laminaritriose as the main product; and 2) a p- 
1,3-glucanase that can remove a high-molecular- 
weight polysaccharide other than p-l,3-glucan 
from the cell wall. The yeast cell wall is not 
completely broken down by Mx. fulvus Mx f80: 
The inner, fibrillar, glucan layer and the bud 
scars remain undigested, as can be seen under 
the electron microscope. 

Several Mx. xanthus and Mx. fulvus strains 
were shown to control populations of the cyano- 
bacterium, ‘'Phormidium luridumf with preda- 
tor-prey cycles of 9 days under experimental 
conditions. As few as 50 Myxococcus cells per 
100 ml containing 10^ cells of the prey were suf- 
ficient to start a lytic cycle (Burnham et al., 
1984). The myxobacteria produced a lysozyme 
type enzyme (Daft et al., 1985). However, 
evidently because of insufficient supply of inor- 
ganic nutrients, myxobacteria cannot control 
natural blooms of cyanobacteria (Fraleigh and 
Burnham, 1988). In two cases myxobacteria 
have been observed to eat holes into the cell wall 
of the fungi Cochleobolus and Rhizoctonia 
(Homma, 1984) and of the green alga Cla- 
dophora (Geitler, 1924), respectively. The myxo- 
bacteria enter the cells and produce fruiting 
bodies inside. 

Most myxobacteria excrete strong, diffusible 
proteases, as can be readily seen through the 
clearing action that occurs around colonies grow- 
ing on skim milk agar. A few of these enzymes 
have been further characterized: From the cul- 
ture supernatant of Mx. virescens, at least three 
proteases have been obtained (Gnosspelius, 
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1978b). One of them has been purified and was 
found to be an alkaline serine protease (26 kDa) 
that preferentially cleaved peptide bonds 
between hydrophobic amino acids. Three differ- 
ent proteases have also been demonstrated in 
the culture supernatant of Mx. xanthus FB 
(Coletta and Miller, 1986). They have tentatively 
been classified as alkaline serine proteases. There 
were qualitative differences among the proteases 
of different Mx. xanthus strains. A coagulase, 
myxocoagulase (57 kDa), has been isolated from 
the culture broth of Mx. fulvus strain NK35 
(Bojary and Dhala, 1989). The enzyme was 
clearly different from Staphylococcus coagulase; 
it did not contain sugar and was active only on 
rabbit plasma. 

While myxobacteria can hydrolyze many other 
macromolecules by means of diffusible exoen- 
zymes, those enzymes have not been character- 
ized so far. Thus, many myxobacteria decompose 
starch; quite a few are potent chitin degraders, 
e.g., all strains of Cb. fuscus, Ch. ferrugineus, 
Sg. aurantiaca and Sg. erecta and many strains 
of Me. lichenicola and So. cellulosum. Also, 
many myxobacteria appear to attack xylan. Two 
enzyme activities could be demonstrated in the 
culture supernatant of the cellulose degrader So. 
compositum, growing in a liquid medium with 
suspended cellulose powder. The enzymes pro- 
duced only glucose and cellobiose from cellulose. 
One was a cellobiase and was destroyed by heat- 
ing at 55°C for 10 min. After that, an enzyme 
releasing cellobiose from cellulose was still intact 
(Couke and Voets, 1968). These two enzymes 
probably did not constitute the entire cellulase 
complex of the organism; rather another endo- 
cellulolytic enzyme may exist that was not 
released from the cells. In fact, in plate cultures 
of So. cellulosum on filter paper or on cellulose 
powder agar, the lysis zone always exactly coin- 
cides with the size of the swarm colony. Thus, 
there seems to be no diffusible cellulase efficient 
enough to break down the crystalline cellulose 
completely. 

During fruiting body formation of Mx. xanthus 
autolysis of a major part of the cell population 
takes place before sporulation begins. Appro- 
ximately 85% of the vegetative cells in the 
population undergo lysis, the surviving cells com- 
pleting myxospore formation and formation of 
the fruiting bodies (Wireman and Dworkin, 
1977). Varon et al. (1986) have characterized the 
activities necessary for this developmental autol- 
ysis and have isolated five different autocides. 
Among these, AM I is a mixture of fatty acids 
and AM V is a phosphoethanolamine with unsat- 
urated fatty acids (Gelvan et al., 1987). In the 
latter case, the cells release the fatty acids appar- 
ently through the action of a phospholipase; also 
in AM I, unsaturated fatty acids are the most 
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efficient autocides. While AM I and AM V act 
specifically on Myxococcus species, the other 
autocides have wider specificity, acting on a vari- 
ety of myxobacteria. Mutants that are resistant 
to autocides are no longer able to produce fruit- 
ing bodies. 

Taxonomy and Identification 

(Note: Much of the material in this section is 
taken verbatim from the recent revision of the 
taxonomy of the myxobacteria by Hans Rei- 
chenbacli in the second edition of Ber gey’s Man- 
ual of Systematic Bacteriology [Reichenbach, 
2005]). 

All known myxobacteria are united in the sin- 
gle order Myxococcales. The name was changed 
from Myxobacterales (McCurdy, 1989) in accor- 
dance with Rule 9 of the International Code of 
Nomenclature of Bacteria (which requires that 
the name of an order be derived from the name 
of the type genus). 

The phylogenetic position of the myxobacteria 
has been put on a solid base by 16S rRNA/DNA 
studies (Ludwig et al., 1983; Shimkets and 
Woese, 1992; Sproer et al., 1999). These studies 
have shown that the myxobacteria are a phylo- 
genetically coherent group within the Deltapro- 
teobacteria (Stackebrandt et al., 1988). Also 
apparent is that the order Myxococcales is 
divided into three suborders: a major division 
that separates the suborders Cystobacterineae 
and Sorangineae (Reichenbach, 1974b) and a 
second one separating the Nannocystineae 
(Reichenbach, 2005). 

As discussed earlier in this chapter, the mem- 
bers of the suborders differ in cell shape, myx- 
ospore development, colony structure, fatty acid 
and carotenoid pattern, and the chemical com- 
position of their slime (Congo red reaction). The 
suborders are divided into families based on the 
organization of the fruiting bodies and the shape 
of the myxospores. The definition of genera and 
species is based on the same characteristics and 
on a few complementary physiological facts. 
There are different possibilities for splitting and 
rearrangement, and in the absence of more com- 
pelling arguments, personal preference must still 
determine which route to follow. All in all, we 
can distinguish three suborders, five families, 17 
genera and about 50 different species of myxo- 
bacteria, a number that while far from complete, 
is not likely to increase dramatically in the 
future. Note, however, that myxobacterial taxon- 
omy cannot yet be regarded as settled and we are 
still confronted with major problems in distin- 
guishing species, e.g., in the genera Corallococ- 
cus, Archangium, Cystobacter, Nannocystis, 
Sorangium and Polyangium. 
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Table 3. Taxonomic survey of the myxobacteria.^ 

Order: Myxococcales 
Suborder: Cystobacterineae 
Families and genera: 

Myxococcaceae 

Myxococcus 

Corallococcus (formerly ChondrococcusY 
Pyxicoccus nov. gen^ 

Cystobacteraceae 

Archangium 

Cystobacter 

Melittangium 

Stigmatella 

Hyalangium nov. gen.^ 

Suborder: Sorangineae 
Families and genera: 

Polyangiaceae 
Sorangium 
Polyangium 
Haploangium 
Chondromyces 
Byssophaga nov. gen.^ 

Jahnia nov. gen.^ 

Suborder: Nannocystineae 
Families and genera: 

Nannocystaceae 

Nannocystis 

Kofleriaceae 

Kofleria nov. gen.^ 

Haliangium nov. gen.^ 

''Three recently described and unusual genera, Anaeromyxo- 
bacter (Sanford et al., 2002), Enhygromyxa (lizuka et al., 
2003b), and Plestiocystis (lizuka et al., 2003a), are missing 
from Table 3 and the illustrated key (Fig. 15) because they 
have not yet been characterized thoroughly enough to accu- 
rately place them in this taxonomic scheme. 

‘’These novel genera are validly described in Reichenbach 
(2004). 



A survey of the taxonomy of myxobacteria 
derived from the taxonomy presented in 
Ber gey’s Manual (Reichenbach, 2005) is pre- 
sented in Table 3. An annotated and illustrated 
key to the genera follows in Fig. 15. Note that 
three recently described genera, Anaeromyxo- 
hacter (Sanford et al., 2002), Enhygromyxa 
(lizuka et al., 2003b) and Plesiocystis (lizuka et 
al., 2003a), do not appear because they have not 
been characterized thoroughly enough for accu- 
rate placement. 

Illustrated Key to the Genera 
of Myxobacteria 

1. Vegetative cells are slender rods with more 
or less tapering ends, cigar- , boat- or needle- 
shaped, about 3.5-12 pm long and 0.6-0.8 pm 
wide. Swarms (e.g., on VY/2 agar) tend to remain 
thin, film-like, and often show a striking surface 
structure in form of radial veins and fields of tiny 



ridges or waves. Swarm edge usually has delicate 
fringes and flame-like protrusions. Myxospores 
arise through a striking cellular morphogenesis: 
the vegetative cells always shorten and fatten 
substantially. Myxospores always seem to have a 
capsule, which, however, is often seen only under 
the electron microscope. Slime and swarm sheets 
are stained with Congo red. The fatty acid pat- 
tern is dominated by branched-chain fatty acids; 
2- and 3-hydroxy fatty acids are present in sub- 
stantial amounts. All species are of the bacteri- 
olytic type. 

Suborder: Cystobacterineae 2 

1'. Vegetative cells are stout, cylindrical rods, 
sometimes almost cube-shaped, with broadly 
rounded ends, about 2.5-8 pm long and 0.6- 
1.0 pm wide. Swarms (e.g., on VY/2 agar) tend 
to sink into and to penetrate the agar, sometimes 
to the bottom of the plate; they usually form 
shallow pits and bowl-like depressions; their sur- 
face structure is often less pronounced, although 
radial veins, ring-shaped ridges, and fanlike struc- 
tures may be produced. The agar surface in the 
swarm area may be more or less corroded. Often, 
the cells concentrate at the swarm edge as a band 
or a massive ridge, or they form spherical or 
kidney-shaped clusters that migrate away from 
the center and leave deeply etched paths in the 
agar surface. Myxospores differ only slightly from 
vegetative cells in shape and seem to possess no 
capsule or, at the most, a very thin one; they are, 
however, optically retractile. Slime and colonies 
do not stain with Congo red. Branched-chain 
fatty acids are reduced in the fatty acid pattern, 
and hydroxy fatty acids are completely absent. 
Several species are cellulose decomposers. 

Suborder: Sorangineae 5 

1". There are two types corresponding to two 
families. A. Swarm colonies without a slime 
sheet, on certain media tend to corrode the agar 
plate very deeply, transforming it into a spongy 
mass. Vegetative cells, short rods. Fruiting bodies 
tiny to moderately sized sporangioles, solitary or 
aggregated. Or, B. Vegetative cells are slender 
rods with rounded ends, like those of the Sorang- 
ineae but more delicate, 4-6 pm long and 0.6-0.7 
pm wide. Swarm colonies with a well-developed 
slime sheet and massive, branching veins, resem- 
bling the colonies of the genus Cystobacter. 
Fruiting bodies not known. 

Suborder Nannocystineae 10 

2. Myxospores are regular spheres or ovoids 
with a smooth surface and a heavy capsule, diam- 
eter 1. 2-2.5 pm. Vegetative cells are 3-6 pm long, 
boat- or cigar-shaped. Swarms often consist of a 
relatively soft slime sheet, although occasionally 
tough and tenacious sheets are also produced. 
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Fig. 15. A diagrammatic illustration of the key to the myxobacterial genera. The numbers in the figure refer to those in the 
key. The cells shown next to the fruiting bodies are myxospores. 
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The surface structure of the swarm is often rudi- 
mentary, but characteristic meandering radial 
veins may develop. Fruiting bodies are simple, 
spherical, soft-slimy mounds and heads or are 
cartilaginous columns and ridges that are some- 
times branched, both without a distinct outer 
wall, or are sporangioles with a tough wall. 

Family: Myxococcaceae 3 

Comments: The differentiating characteristic of 
the family is the smooth, spherical myxospore. 
Myxospores that are nearly spherical are found 
with three other myxobacteria (Archangium, 
Cystobacter and Nannocystis), which can, how- 
ever, easily be distinguished by the characters 
mentioned below. 

3. Fruiting bodies are soft-slimy spherical heads 
or drops, often constricted at the base, in one 

species with a long slime stalk 

Myxococcus 

Comments: In agar cultures the shape of the 
fruiting body often deviates from the type, and 
only flat, cushion-like mounds or ridges are pro- 
duced. There are four species: Mx. fulvus has 
white, pink, brick red, or even violet fruiting bod- 
ies with small myxospores (1.2-1. 8 pm). Mx. 
xanthus and Mx. virescens produce orange and 
greenish yellow fruiting bodies, respectively, and 
have large myxospores (1. 8-2.5 pm); they may 
be only one species, although, apparently, typical 
Mx. virescens strains produce very large myx- 
ospores and often gray, fruiting bodies on 
VY/2 agar. Myxococcus stipitatus has white-to- 
brownish fruiting bodies with a long slime stalk; 
these bodies are often found in groups on a com- 
mon cushion-like base. Fruiting-body myxo- 
spores are small and they are often, but not 
always, clearly oval in shape. The swarms show a 
strong yellow fluorescence with UV light illumi- 
nation at 366 nm; however, whether this quality 
is exclusive for the species is not yet established. 

3'. Fruiting bodies are tough cartilaginous col- 
umns or ridges, sometimes staghorn- or coral- 
like, branched, very variable in shape, often 
more or less deeply rooted within the agar .... 
Corallococcus 

Comments: This genus has formerly been called 
Chondrococcus. The name is improper because 
it has been previously used for an alga. In 
Ber gey’s Manual (McCurdy, 1989), the genus is 
united with Myxococcus, but we prefer to retain 
it and suggest a new generic name. Because of its 
enormous variability, many species have been 
described in this genus, only two or three of 
which may be realistic. But a flnal decision will 
require more information. Cc. coralloides has 



small myxospores (1.2-1. 8 pm) and produces rel- 
atively large pink or red fruiting bodies that are 
often branched or bear finger- or horn-like pro- 
jections. Strains that also have small myxospores 
and produce large numbers of tiny, brownish 
fruiting bodies in dense fields have been 
described as Cc. exiguus. They represent either a 
species of their own or a variety of the former. 
Chondrococcus macrosporus has large myxo- 
spores (1. 8-2.4 pm) and sturdy, yellow fruiting 
bodies. In contrast to the other two species, it is 
relatively rare. 

3". Fruiting bodies consist of sporangioles with a 
wall. Sporangioles are spherical, arranged in 
packages and sheets Pyxicoccus 

Comments: The third genus of the family, which 
is now called ''Pyxicoccus’’ is somewhat confus- 
ing. The origin of the genus was a bacterium 
described by Thaxter (1904) as Myxococcus dis- 
ciformis. As the spherical myxospores of the 
species are enclosed in sporangioles with a wall, 
Jahn (1924) created a new genus, Angiococcus, 
for it, apparently without ever having seen the 
organism. In spite of the fact that the same 
organism had been reported again from Poland 
(Krzemieniewska and Krzemieniewski, 1926), it 
was later concluded that Angiococcus does not 
exist (Peterson, 1966). But then the bacterium 
was rediscovered in the fossa of an alkaline bog 
(Hook et al., 1980). So the old species and genus 
names were reanimated, and a neotype strain of 
Angiococcus disciformis was deposited (ATCC 
33172). The morphology of the organism sug- 
gests that it is really Thaxter’s organism. But it 
does not belong to the Myxococcaceae. In the 
last edition of Ber gey’s Manual it was conse- 
quently classified as "Cystobacter disciformis.” It 
has vegetative cells and a swarm morphology as 
is found in that genus. Its present classification is 
supported by 16S rRNA/DNA sequence data, 
which place the neotype strain close to Cysto- 
bacter minus (Sproer et al., 1999). There are, 
however, also organisms with spherical myxo- 
spores, a swarm morphology (as is characteris- 
tic for the Myxococcaceae), and a 16S rRNA/ 
DNA sequence that position them close to 
Myxococcus (Sproer et al., 1999). For organisms 
of this type, exemplified by strain An dl, a new 
genus name, Pyxicoccus, will be used here. This 
avoids confusion, especially as it is not yet estab- 
lished whether the species disciformis really 
belongs to the genus Cystobacter. If not, the 
genus name Angiococcus may have to be used 
for it again. Note that Pyxicoccus fruiting bodies 
often degenerate into Corallococcus-\\kQ struc- 
tures. The 16S rRNA/DNA study also proved 
that Pyxicoccus may easily be confused with 
other myxobacteria, as two of the three strains 
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tentatively identified as Angiococcus disciformis 
clustered in the Archangium group (Sproer et al, 
1999). 

3'". Fruiting bodies consist of irregular masses of 
hardened slime (in which the myxospores are 
embedded) and lack an outer wall. They are 
either cushions with a bulging, brain-like surface 
or ridges that consist of meandering rolls often 

with rising, fingerlike projection 

Archangium 

Comments: The variability of Archangium fruit- 
ing bodies, and the degeneration of the fruiting 
bodies of other myxobacteria to Archangium- 
like structures, makes it impossible at the 
moment to distinguish different species. In fact, 
it is not even possible to recognize Archangium 
reliably, and it would be more honest to name 
such strains “Archangium-\ikQ myxobacteria.” 
Chondromyces serpens is the first species for 
which Archangium-iypQ fruiting bodies have 
been described, but because there are doubts 
about its identity, the later name, Ar. gephyra 
Jahn 1924, is used for relevant strains. This genus 
was formerly classified in a genus of its own, 
Archangiaeceae, but is now attached to the 
Cystobacteraceae. Archangium violaceum must 
be regarded as a degenerated Cystobacter, Cb. 
violaceus, under which name the organism was 
originally described. 

2'. Fruiting bodies consist of sporangioles with a 
distinct outer wall, often with stalks. Myxospores 
are short, fat rods. Vegetative cells are slender 
rods with tapering ends, either boat- or needle- 
shaped. 

Family: Cystobacteraceae 4 

Comments: Aberrant fruiting bodies are com- 
mon in cultures. 

4. Fruiting bodies are clusters of sporangioles 
that sit directly on the substrate, often embedded 
in a clearly recognizable, common, transparent 
slime envelope or covered by a slime sheet .... 
Cystobacter 

Comments: There are myxobacteria with very 
similar fruiting bodies in the suborder Sorang- 
ineae, and some of these were originally united 
with the present Cystobacter species in a com- 
mon genus, Polyangium, which, incidentally, is 
the oldest generic name in myxobacterial taxon- 
omy (Link, 1809). The original family name was 
Polyangiaceae. Subsequently, it was realized that 
the genus Polyangium was heterogeneous. The 
genus was therefore split, and the Sorangineae- 
type species were united with species of the 
genus Sorangium. For reasons of priority, the 
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name of the newly defined genus was Poly- 
angium, and for the remaining species, the old 
generic name Cystobacter Schroeter 1886 was 
reactivated. The genus Sorangium disappeared 
completely, and as a consequence the family 
name Sorangiaceae was also eliminated and 
replaced by Polyangiaceae, which now, of course, 
had a completely different meaning than before. 
Here we redefine the genus Sorangium and 
replace it in the Polyangiaceae. 

The species of the genus Cystobacter are not 
well studied, and it is not clear at the moment 
how many there are. The type species, Cb. fuscus, 
is readily recognizable from its large, glistening, 
chestnut brown sporangioles. Cystobacter ferrug- 
ineus has large, elongated, dull, dark brown spo- 
rangioles; they are often arranged in chains that 
tend to curve upwards in a fingerlike fashion. 
Both species have relatively long and slender, 
often slightly curved myxospores and are strongly 
chitinolytic. There are strains that produce light 
to reddish brown and often kidney-shaped 
sporangioles covered by a thin, translucent, and 
delicately plicated slime sheet; the myxospores 
are short, fat rods; these strains clearly represent 
a separate species, Cb. velatus. Other strains form 
somewhat smaller but still large, dull, dark brown, 
spherical sporangioles that contain myxospores 
in the shape of short, fat rods; they often produce 
a deep violet pigment and appear to constitute 
the species Cb. violaceus. Still other strains form 
tiny, light to golden brown, spherical sporangioles 
that are tightly packed together in small clusters 
and are often embedded in the agar substrate, 
resembling Sorangium or Polyangium fruiting 
bodies in all these respects; but the vegetative 
cells are long, slender needles, the myxospores 
are short, fat rods, and the swarms are of the 
Cystobacter type. These organisms belong to Cb. 
minus. The problem of An. disciformis has 
already been discussed. 

4'. Vegetative cells are delicate, slender rods 
with tapering ends. Fruiting bodies consist of 
small spherical sporangioles that are often empty 
and then look glassy transparent, arranged in 
extended, dense sheets, or often, in chains. Myx- 
ospores are short rods to irregularly spherical, 
optically refractile. Swarm colonies have a thin 
but tough slime sheet with fine veins and adsorb 
Congo red, producing a purple red color. They 
are of the proteolytic-bacteriolytic nutritional 
type Hyalangium 

Comments: This organism differs substantially 
from the Cystobacter species discussed above 
and is therefore classified in a different, new 
genus. The distinguishing characteristics are as 
follows. The vegetative cells are shorter and 
more delicate than those of the Cystobacter spe- 
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cies. The sporangioles are small and often empty 
and glassy. They are arranged in monolayer 
sheets or in short chains and do not pile up or do 
so only slightly. The swarm colonies have a deli- 
cate slime sheet with very fine veins. The only 
species known so far resembles somewhat ''Cys- 
tobacter disciformis '' which, however, has much 
different fruiting bodies. Also, some traits are 
like those of Polyangium minus in the original 
description of Krzemieniewska and Krzemien- 
iewski (1926). The identity with that organism 
cannot be ruled out with certainty, but even if the 
two organisms should be the same, a reclassifica- 
tion would be required. 

4". Fruiting body consists of a tiny sporangiole 

sitting on a delicate, white stalk 

Melittangium 

Comments: Most species were formerly attached 
to the genus Podangium. The type species of 
Podangium, Pd. erectum, has since been trans- 
ferred to Stigmatella; the remaining species have 
been united in the genus Melittangium, so that 
the genus Podangium is now dissolved. There are 
at least three Melittangium species: Me. boletus 
has sporangioles that resemble mushroom caps 
and are located on very short stalks. Melli- 
tangium lichenicola forms spherical, light brown 
sporangioles on short and relatively sturdy 
stalks. Mellitangium alboraceum is described as 
having a spherical sporangiole on a long and bent 
stalk. There are also strains that produce very 
tiny and delicate fruiting bodies; they may rep- 
resent still another species. Me. gracilipes. The 
myxospores are always short, fat rods, and the 
vegetative cells are long, slender needles. 

4'". Fruiting bodies consist of dull, orange- 
brown to dark brown, ovoid sporangioles, which 
are arranged as either several on a common stalk 
or each on a stalk of its own Stigmatella 

Comments: Stigmatella is easily distinguished 
from Melittangium: its fruiting bodies are much 
coarser, and the vegetative cells are boat-shaped 
and of moderate length. The myxospores are 
short, fat rods and often S- or C-shaped. There 
are two species: Sg. aurantiaca with several spo- 
rangioles attached to a common stalk, often via 
tiny peduncles, and Sg. erecta with one sporangi- 
ole on each stalk. Clear as this may appear, the 
two species still are sometimes difficult to differ- 
entiate, because Sg. erecta often produces several 
fruiting bodies side by side on a common base 
and sometimes with partially fused stalks, so that 
the resulting structure may be confused with a 
Sg. aurantiaca fruiting body. These two species 
occupy different ecological niches: While Sg. 
aurantiaca almost always appears on rotting 



wood, Sg. erecta is found preferentially on dung 
and sometimes in soil. Stigmatella erecta was for- 
merly classified as Podangium erectum (see 
“Comments” on Melittangium), Sg. aurantiaca as 
Chondromyces aurantiacus. 

5. The suborder Sorangineae contains only one 
family. Vegetative cells are slender, cylindrical 
rods with blunt, rounded ends. Often containing 
optically bright granules of reserve material. The 
fruiting bodies always consist of sporangioles, 
that may be single or, more often, clustered in 
sedentary sori or borne on a slime stalk. In cul- 
tures, strains often refuse to produce fruiting 
bodies, yet degenerate fruiting bodies, as are so 
typical for the Cystobacteraceae, are only rarely 
formed. The myxospores in the fruiting bodies 
are morphologically not very different from veg- 
etative cells, perhaps somewhat shorter and 
slightly constricted around the middle. But they 
are true, optically retractile resting cells, which 
are as desiccation and heat resistant as the myx- 
ospores of the two previous families. The swarm 
colonies tend to etch the agar, producing radial 
tracks, holes, and pits in the surface of the plate, 
and often penetrate the substrate deeply. In the 
genera Polyangium and Byssophaga, discontinu- 
ous swarm colonies with scattered cell clusters 
do also occur besides the more typical, coherent 
swarms with slime sheets and veins. Congo red 
is not adsorbed to the slime of the swarms. Most 
species are of the proteolytic-bacteriolytic nutri- 
tional type, but some are cellulose degraders 
and, in contrast to all other myxobacteria, may 
be cultivated on very simple media with an inor- 
ganic nitrogen source and a sugar as the only 
carbon source. 

Family Polyangiaceae 6 

6. Fruiting bodies consisting of several sporangi- 
oles clustered together 7 

6'. Fruiting bodies consisting of large, solitary 
sporangioles, golden yellow, with a wrinkled or 
netlike surface structure when mature, found on 
bark and decaying wood Haploangium 

Comments: This genus is easily recognized by its 
peculiar fruiting bodies that so far have only 
been encountered on the bark of living or dead 
trees in North America and in Europe. It also has 
a special position in that these are the only 
myxobacteria that have resisted all efforts to 
cultivate them. (The ‘'Haploangium'' species, 
described and cultivated by Singh and Singh, 
1971, were obviously misnamed because their 
vegetative cells were long, slender rods with 
tapering ends.) There may be two species that 
differ in size: Ha. rugiseptum with large sporan- 
gioles and Ha. minus with small ones. 
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7. Sporangioles located directly on or within the 

substrate 8 

7'. Sporangioles borne on long, white stalks. . . . 
9 

7". Sporangioles orange to red brown, in convo- 
luted, brain-like chains, often on a prominent 
slime cushion Jahnia 

8. Grows in the form of independently migrating 

cell companies, or pseudoplasmodia, that finally 
contract into intensely cinnabar- to carmine-red 
knob-like masses, resembling Myxococcus fruit- 
ing bodies. Fruiting bodies are clusters of large, 
red sporangioles, but are only exceptionally pro- 
duced. Cellulose is decomposed 

Byssophaga 

8'. Fruiting bodies consist of tiny sporangioles 
that are tightly packed together and conse- 
quently are often polyhedral rather than spheri- 
cal. A large number of the small parcels thus 
formed may lie together in more or less densely 
packed masses, but also the parcels themselves 
may become rather large. The fruiting bodies are 
often produced in enormous quantities, espe- 
cially on digested filter paper, so that they deter- 
mine the color of the swarm: bright yellow, 
orange, all shades of brown, and even pitch 
black. The vegetative swarm is usually more or 
less bright orange. Decomposes crystalline cellu- 
lose (filter paper) Sorangium 

Comments: We propose to restrict this genus to 
the cellulose decomposers. Cellulose degrada- 
tion is such an unusual and stable character and 
in addition parallels a series of other morpholog- 
ical, physiological and biochemical characteris- 
tics in the respective strains that a separation of 
these cellulolytic species seems justified. The 
organisms have not been sufficiently studied to 
allow satisfactory classification of species. In 
addition, the original descriptions do not always 
indicate whether an organism was a cellulose 
decomposer, because not all strains have been 
cultivated. Also, the organisms are very variable. 
There appear to be at least three species: Sor- 
angium compositum produces yellow-orange 
fruiting bodies. So. cellulosum brown or gray 
ones, and So. nigrum black ones, but this charac- 
teristic appears insufficient to differentiate the 
species reliably. There are many other morpho- 
logical, chemosystematic, and physiological dif- 
ferences among strains, but the taxonomic 
relevance of these observations is presently still 
under study. 

8". Fruiting bodies consist of more or less spher- 
ical sporangioles that may be yellow, orange. 
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brown or gray. Several of them may be embed- 
ded in a common, translucent slime envelope . . 
Polyangium 

Comments: For some time, this genus also con- 
tained the species of Cystobacter (see there for 
further comments). Polyangium vitellinum pro- 
duces large, golden yellow sporangioles in 
groups of 1-20 in a common envelope. Appar- 
ently, in culture the color often changes to green- 
ish yellow. Polyangium luteum has smaller, 
golden yellow sporangioles embedded in a yel- 
low slime envelope. Polyangium aureum may be 
another species of this group of polyangia with 
orange sporangioles. There are further strains 
with small sporangioles that are densely clus- 
tered together in the same way as with certain 
Cystobacter and Sorangium strains. The fruiting 
bodies are light brown or gray in color and usu- 
ally are embedded in the agar substrate. Proba- 
bly, all strains of this type can be classified as PI. 
fumosum and PI. spumosum. Polyangium para- 
siticum seems to parasitize fresh-water algae; it 
produces red-brown sporangioles within the 
emptied alga cells. This species has not been 
reported since its first description in 1925, and its 
parasitic growth and even its appearance in 
freshwater may have been an exceptional situa- 
tion. The polyangia are somewhat difficult to 
handle and are not well-studied organisms. There 
are some doubts whether the present genus is 
really homogeneous. 

9. Fruiting bodies consist of a conspicuous, 
unbranched or branched white slime stalk, bear- 
ing a cluster of bright orange sporangioles 

Chondromyces 

Comments: The myxobacteria with the most 
beautiful and complex fruiting bodies are found 
in this genus. There are six species. One species. 
Cm. aurantiacus, had to be transferred to the 
genus Stigmatella. Chondromyces crocatus has a 
branched stalk with clusters of small, ovoid spo- 
rangioles at the ends of the branches. All other 
species have unbranched stalks. Chondromyces 
apiculatus produces conspicuous, turnip-shaped 
sporangioles, and Cm. pediculatus produces bell- 
shaped sporangioles, often drooping on long, 
delicate peduncles; both species are relatively 
common, the former especially on rotting wood, 
the latter often in soil and decaying plant mate- 
rial. Chondromyces catenulatus produces chains 
of sporangioles, and several chains originate 
from one stalk. Chondromyces lanuginosus (for- 
merly Synangium) has a cluster of a few large 
sporangioles, each of which ends in a ring of long 
tips; the sporangiole thus resembles the young 
fruit of a hazelnut. Chondromyces robustus has 
large, fat, more or less spherical sporangioles 
with one to three tips. 



CHAPTER 3.4.3 



The Myxobacteria 91 



10. Vegetative cells are short, stout, cylindrical 
to somewhat bulging rods with rounded to squar- 
ish ends. Fruiting bodies consist of spherical to 
ellipsoidal, sometimes irregular sporangioles. 
Most of the sporangioles are solitary, scattered 
on top and within the agar plate; many strains 
also produce dense clusters, sheets, and packets 
of sporangioles. The size of the sporangioles usu- 
ally varies very widely. Myxospores are very 
short rods, ellipsoidal or spherical. Swarm colo- 
nies etch and corrode the agar more or less, 
depending on the medium, from shallow depres- 
sions and pits (on yeast agar) to deep holes and 
channels, often transforming the agar plate into 
a spongy mass down to the bottom of the dish. 

Family Nannocystaceae 11 

Comments: This family belongs to the third sub- 
order of the Myxococcales, the Nannocystineae, 
together with the family Kofleriaceae. The sub- 
order can presently be defined only by 16S 
rRNA/DNA sequence data, which clearly show 
a separate position of the organisms classified 
here (Sproer et al., 1999). The family, however, 
with only one genus, Nannocystis, is clearly 
defined by its phenotypic characteristics. Some 
of the more unusual myxobacteria appear to 
belong to this taxonomic group, in particular psy- 
chrophilic myxobacteria (Dawid et al., 1988). 

10'. Vegetative cells are delicate, slender cylin- 
drical rods with rounded ends. Swarm colonies 
consist of a slime sheet with more or less prom- 
inent radial veins, do not etch the agar, resemble 
the swarms of the Cystobacteraceae but do not 
adsorb Congo red. Produce usually many small 
to large globular knobs all over the swarm sur- 
face and dense, spherical cell aggregates within 
the agar resembling sporangioles, but without a 
wall, and sporangioles and myxospores have yet 
to be found. Besides terrestrial organisms also 
some marine, halophilic myxobacteria appear to 
belong to this group. 

Family Kofleriaceae 12 

11. Fruiting bodies are tiny, ovoid or spherical, 

solitary sporangioles that are produced in large 
numbers and are mostly embedded in the sub- 
strate. Myxospores are spherical or ovoid. Vege- 
tative cells are often very short, stout, almost 
cube-shaped. Swarm is etched more or less 
deeply into the agar. The agar plate may become 
completely corroded Nannocystis 

Comments: Presently only two species, Na. 
exedens and Na. pusilla, are known, but probably 
other species do exist. Nannocystis exedens is 
easily recognized by its typical swarm pattern, 
which is especially conspicuous on water agar 
with streaks of living or autoclaved E. coli, and 



by its unique fruiting bodies. The latter may 
become considerably larger and very irregular in 
shape when they are produced on the agar sur- 
face. Some strains produce composite fruiting 
bodies that consist of clusters of small sporangi- 
oles that are more or less tightly squeezed 
together. Such strains may represent a different 
species (“Na. aggregans''). Nannocystis is per- 
haps the most common myxobacterium, 
although it is often overlooked; it is present in 
virtually every soil sample that contains any 
myxobacteria. While Nannocystis fits, in general, 
rather well with the other members of the order 
Myxococcales, it shows certain peculiarities that 
clearly set it apart, such as the nature of its 
carotenoid pigments and its synthesis of 
cholestenols. 

12. Vegetative cells are long, slender, cylindrical 
rods with rounded ends. Swarm colonies have 
radial veins in a tough slime sheet, and there are 
numerous small to very large globular masses, or 
knobs, all over the swarm. Congo red is not 
adsorbed, and the agar is not etched. Mature 
fruiting bodies have not been observed but may 
consist of sporangioles. Cells within the knobs 
are long, cylindrical rods, optically retractile. 
They are of the proteolytic-bacteriolytic nutri- 
tional type, chitin degraders, and found in soil 
and similar substrates. Only one species, Ko. 
flava, is described Kofleria 

12'. Marine myxobacterium. Vegetative cells 
have rounded, blunt ends. Yellow colonies are 
spread and usually slightly sunk into the agar 
surface. Fruiting bodies are yellow to brown and 
consist of one or more sessile sporangioles in 
dense packs. They are moderately halophilic, 
requiring 1-3% NaCl for optimal growth (Fudou 
et al., 2002) Haliangium 

Applications 

The most promising opportunity for biotechno- 
logical applications with myxobacteria is in the 
production of secondary metabolites that inhibit 
the growth of other organisms. The ability of the 
myxobacteria to produce antibiotics has been 
known for some time (Oxford, 1947; Noren, 
1953; Kato, 1955; Noren and Raper, 1962). Apart 
from trivial fatty acids that inhibit the germina- 
tion of fungal spores (Noren and Odham, 1973), 
until relatively recently, no chemical structure 
was proposed for any of these inhibitors. The first 
myxobacterial antibiotic for which the chemical 
structure has been elucidated was ambruticin, a 
potent antifungal compound from So. cellulosum 
(Ringel et al., 1977). In the past two decades, 
about 100 basic structures and 600 structural 



92 LJ. Shimkets, M. Dworkin and H. Reichenbach 



CHAPTER 3.4.3 




Fig. 16. A few examples of secondary metabolites produced by myxobacteria. a) Myxovirescin A; the compound, or variants 
of it, has been described as antibiotic TA and as megovalicins; b) ambruticin; c) geosmin; d) myxothiazol; e) stigmatellin; 
f) 3-formylindole; g) myxalamid; R is 2-butyl, 2-propyl, ethyl, and methyl for myxalamids A, B, C, and D, respectively; and 
h) sorangicin; R is OH and H for sorangicin A and B, respectively. 



variants have been discovered in myxobacteria 
and have been fully characterized chemically 
(Reichenbach and Hofle, 1999; Reichenbach, 
2001). The more significant insights can be sum- 
marized as follows: 1) A high proportion of 
myxobacterial strains (about 50% of the Cysto- 
bacterineae and almost 100% of the Sorangium 
strains) produce some kind of compound with 
biological activity. 2) The substances produced 
are chemically very different, including aromatic, 
heterocyclic, and polyenic compounds, alkaloids, 
macrocycles, polyethers, and peptides. A few 
examples are shown in Fig. 16. 3) Most of these 
compounds have not been isolated from other 
organisms and thus appear to be unique to the 



myxobacteria. The only exceptions are pyrrolni- 
trin and althiomycin; saframycin has been found 
with a new variant. 4) The ability to produce a 
specific compound is typical for particular but 
not all strains of that species. In fact, different 
strains of the same species may produce totally 
different antibiotics, but the same antibiotic may 
also be found in different species and even 
genera and families. Interestingly, the border 
between the suborders is also a division line for 
secondary metabolism, and so far only a few 
compounds have been found that are produced 
by representatives of the different suborders 
(e.g., pyrrolnitrin). 5) A strain may produce, at 
the same time, two or more compounds that are 
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totally different chemically. 6) Often a family of 
chemical variants of the same basic structure is 
synthesized by a strain; up to 40 different vari- 
ants have been isolated from one single strain. 7) 
The initial yields are usually low (0.5-20 mg/ 
liter), but with conventional methods, yield 
increases to more than 1 g/liter have already 
been achieved. 8) Interesting mechanisms of 
action have been discovered; compounds have 
been discovered that are specific inhibitors of 
eubacterial RNA and protein synthesis or are 
extremely efficient inhibitors of electron trans- 
port in respiration and photosynthesis. Two of 
the latter are used as specific biochemical probes 
and are commercially available (myxothiazol 
and stigmatellin). Among the compounds discov- 
ered also are iron transport metabolites of the 
myxobacteria (myxochelin and nannochelin). 9) 
An astonishing number of myxobacterial com- 
pounds interfere with the eukaryotic cytoskele- 
ton, either actin (rhizopodin and chondramide) 
or tubulin (disorazol and epothilone). 

At the moment, several of the myxobacterial 
inhibitors are being studied for potential appli- 
cation and large-scale production. The most 
promising of these is epothilone, which is cur- 
rently being evaluated in phase three human 
clinical trials as an antitumor drug by three dif- 
ferent pharmaceutical companies (Gerth et al., 
1996). Epothilone isomers stabilize polymerized 
microtubules, leading to mitotic arrest at the G 2 - 
M transition and cytotoxicity in proliferating 
cells (Bollag et al., 1995). 

Antibiotic TA was discovered in Mx. xanthus 
strain TA (Rosenberg et al., 1973). Published 
chemical data, specifically NMR data (Rosen- 
berg et al., 1982), suggest that the compound 
may be identical to one of the 20 variants of 
myxovirescin (Gerth et al., 1982; Trowitzsch et 
al., 1982; Trowitzsch-Kienast et al., 1989). This 
identification is further supported by the obser- 
vation that myxovirescins are produced by many 
Mx. xanthus and Mx. virescens strains (H. 
Reichenbach, unpublished observations). In fact, 
the same antibiotic has been described a third 
time from another Mx. xanthus strain (Onishi 
et al., 1984). Furthermore, the megovalicins 
(Miyashiro et al., 1988; Takayama et al., 1988) 
are identical with previously published variants 
of myxovirescin; a new species, Mx. flavescens, 
has been created to describe the producing 
organism (Yamanaka et al., 1987), which cannot, 
however, be distinguished from existing species. 

Another good opportunity for application 
may lie in the field of myxobacterial proteins 
and enzymes, a potential that has not yet been 
thoroughly investigated. Thus, restriction endo- 
nucleases (Morris and Parish, 1976; Mayer and 
Reichenbach, 1978) and special proteases could 
be of interest in the future. A lectin is produced 



by Mx. xanthus during development (Cumsky 
and Zusman, 1981; Nelson et al., 1981). 
Myxococcus xanthus also secretes a blood anti- 
coagulant, myxaline, which is a heat-stable 
gly copeptide (El Akoum et al., 1987; Masson 
and Guespin-Michel, 1988). The same or a 
similar compound is also produced by other 
myxobacteria. 

The efficient secretion of proteins observed 
with myxobacteria is unusual for Gram-negative 
bacteria and points to another conceivable appli- 
cation, as expression hosts for foreign proteins 
(Breton et al., 1984b; Breton et al., 1986; Nicaud 
et al., 1984). Myxococcus xanthus has been 
shown to secrete more than 50 different proteins 
into the medium, amounting to about 4% of the 
intracellular protein. This is impressive even if 
the actual number may be somewhat lower 
because some of the bands may have been due 
to proteolytic activity (Nicaud et al., 1984). 
Apparently, the outer membrane of the myxo- 
bacterial cell is less of a barrier than in most 
other cells, perhaps due to its more dynamic 
behavior. Two E. coli periplasmic enzymes, acid 
phosphatase and TEM2 p-lactamase, have been 
shown to leave the periplasm quickly when they 
are expressed in Mx. xanthus and appear in the 
extracellular medium (Breton and Guespin- 
Michel, 1987). The extracellular pectate lyases of 
Erwinia are also expressed in Mx. xanthus and 
secreted into the medium, although in this case 
the myxobacterial proteases inactivate the lyase 
(Breton et al., 1986). 

There are no known myxobacterial pathogens 
for humans, animals or plants. The fish pathogen 
Chondrococcus columnaris is a Cytophaga-\\kQ 
bacterium and has been wrongly classified as a 
myxobacterium. Because of their many aggres- 
sive enzymes, myxobacteria may occasionally 
contribute to the deterioration of materials such 
as rawhide or cellulose fabrics (e.g., Heyn, 1957), 
but their importance in that respect is doubtful. 
However, although not yet demonstrated exper- 
imentally, myxobacteria reasonably play a 
substantial role in solubilizing large macromole- 
cules, cell carcasses, and other biological detritus. 
As myxobacteria may reach rather high popula- 
tion densities in soil, it has been argued that they 
could become antagonistic to useful soil organ- 
isms like Azotohacter (Callao et al., 1966). How- 
ever, although a suppression of Azotohacter by 
Mx. xanthus can indeed be demonstrated in the 
laboratory, whether this occurs in nature is an 
open question. Myxobacteria are obviously able 
to destroy cyanobacteria in mixed cultures in 
aqueous environments, and their possible use to 
control cyanobacterial water blooms has been 
suggested (Burnham et al., 1981; Burnham et al., 
1984; Daft et al., 1985). But that potential has not 
yet been demonstrated under practical condi- 
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tions. Still another application of myxobacteria 
in environmental problems may be their use as 
pollution indicators (Graf, 1975; Trzilova et al, 
1980; Trzilova et al, 1981). This scheme is pres- 
ently being perfected and may eventually 
become a useful addition to conventional biolog- 
ical water analysis. 

Certain chemical compounds produced by 
myxobacteria may occasionally become trouble- 
some. Many myxobacteria produce a strong 
earthy smell, which, in the case of Na. exedens, 
has been demonstrated to be due to geosmin 
(Trowitzsch et al., 1981). While that smell may be 
pleasant in connection with soil, it is disagreeable 
in drinking water, from which it has to be 
removed. 

In conclusion, the economic potential of the 
myxobacteria is only beginning to be exploited 
and many potential products have yet to be ade- 
quately assessed. 



Color Plates 





1. Pyxicoccus fallax nov.gen., nov.spec., strain Ang D2, fruit- 
ing bodies on agar surface consisting of numerous small 
sporangioles. 




3. Cystobacter fuscus, mature fruiting body on agar surface, 
sporangioles with typically shining surface. 




4. Cystobacter fuscus, developing fruiting bodies on agar 
surface. 



2. Pyxicoccus fallax nov.gen., nov.spec., fruiting body in 
slede mount at high magnification showing sporangioles with 
clear walls. 
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5. Cystobacter ferrugineus strain Cb2056, fruiting body on 
agar surface with dull sporangioles. 



8. Cystobacter velatus strain Cb v37, fruiting bodies on agar 
surface with upward looping chains of sporangioles. 





6. Cystobacter ferrugineus strain Cb2056, fruiting body in 
slide mount, several sporangioles show the elongated shape 
typical for that species. 





9. Cystobacter violaceus, original (now lost) type strain, 
violet swarm colonies on agar plate. 



7. Cystobacter velatus, fruiting bodies on agar surface, spoan- 
gioles covered with a delicate, plicated slime sheet. 
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10. Cystobacter violaceus strain Cb vi67, fruiting body on 13. Cystobacter gracilis nov.spec., strain Cb g53, fruiting 
agar surface. body on agar surface under cover glass. 




11. Cystobacter minor strain Cb m29, fruiting body on agar 
surface. 
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14. Cystobacter miniatus no.spec., strain Cb mil, fruiting 
body consisting of densely packed sporangioles in a column- 
like, erect mass typical for that species. 



12. Cystobacter minor strain Cb m29, fruiting body on agar 
surface. 
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15. Cystobacter badius no v. spec., fruiting bodies on agar sur- 
face; besides chains of sporangioles, there also are found 
individual sporangioles, often on a short pedicel. 




18. Jahnia thaxteri nov.gen., nov.spec., strain PI t3, fruiting 
body on agar surface under cover glass; a wound chain of 
large sporangioles is sitting on a more or less obvious slime 
cushion. 




16. Hyalangium minutum nov.gen., nov.spec., strain Hy m3, 
fruiting bodies on agar surface under cover glass, with tiny 
sporangioles in a dense, mostly monolayer sheet; many spo- 
rangioles are empty looking, as if made of glass, as is typical 
for this organism. 




17. Hyalangium minutum nov.gen., nov.spec., strain NOCB- 
2, sporangioles in slide mount at high magnification, some of 
them showing invaginations of the sporangiole wall. 



19. Byssophaga cruenta nov.gen., nov.spec., strain By cl 
swarm pseudoplasmodia on agar surface. 




20. Byssophaga cruenta nov.gen., nov.spec., strain By c2, type 
strain), piled up cell mass on agar surface resembling a Myxo- 
coccus fruiting body. 
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21. Byssophaga cruenta nov.gen., nov.spec., strain By c2 
(type strain), cells assembled in massive rings on the agar 
surface. 




24. Sorangium cellulosum strain So cel569, fruiting bodies 
on agar surface under cover glass. 




22. Byssophaga cruents nov.gen., nov.spec., strain By cl, 
fruiting body on agar surface under cover glass consisting of 
large, densely packed sporangioles. 



25. Sorangium nigrum nov.spec., strain So cel600, fruiting 
bodies from macerated filter paper in slide mount. 





23. Sorangium cellulosum strain So cel569, fruiting bodies 
from macerated filter paper in slide mount; the tiny sporan- 
gioles are often arranged in chains because they were pro- 
duced along cellulose fibers. 



26. Sorangium nigrum nov.spec., strain So ce 1602, fruiting 
bodies on agar surface under cover glass. 
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27. Polyangium fumosum strain PI ful2, fruiting body on 
agar surface under cover glass. 




28. Polyangium spumosum strain PI sm4, fruiting body in 
slide mount. 




29. Kofleria flava nov.gen., nov.spec., strain PI vtlO, growth 
on agar surface with numerous spherical knobs which are, 
however, not fruiting bodies. 




30. Kofleria flava nov.gen., nov.spec., strain PI vtlO, nodules 
in slide mount. 
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Introduction 

The genus Campylobacter comprises a diverse 
group of Gram-negative bacteria, which colonize 
the mucosal surfaces of the intestinal tracts, oral 
cavities, or urogenital tracts of a wide range of 
bird and animal hosts. Both commensals and 
pathogens are represented within this group of 
organisms. 

Phylogeny 

The genus Campylobacter is placed in the Epsi- 
lonproteobacteria (Trust et al., 1994) and now 
classified in the bacterial family Campylobacter- 
aceae (Vandamme and De Ley, 1991a), which 
includes the genera Campylobacter, Arcobacter 
and Sulfurospirillum (formally known as free- 
living Campylobacters) and certain misclassified 
Bacteroides species. The closest genetically 
related genera are Helicobacter and Wolinella, 
which together form the family, Helicobacter- 
aceae (Vandamme, 2000). 

Currently, the genus Campylobacter comprises 
15 species (one of which is still disputed) and 6 
subspecies: Campylobacter coli, C. concisus, C. 
curvus, C. fetus subsp. fetus, C. fetus subsp. vene- 
realis, C. gracilis, C. helveticus, C hyoilei (contro- 
versial), C. hyointestinalis subsp. hyointestinalis, 
C. hyointestinalis subsp. lawsonii, C. jejuni subsp. 
jejuni, C. jejuni subsp. doylei, C. lari, C. mucosa- 
lis, C. rectus, C. showae, C. sputorum and C. upsa- 
liensis (Fig. 1). Recently a new species was 
described as Campylobacter lanienae sp. nov. The 
type strain for the genus is Campylobacter fetus 
subsp. fetus. The most commonly isolated patho- 
genic species are (in order of frequency) C. 
jejuni, C coli and C. fetus. 

Taxonomy 

Historical Overview 

Originally, Campylobacters were described as 
members of the genus Vibrio. The first citation in 



the literature (McFadyean and Stockman, 1913) 
described the isolation of “Vibrio fetus'' from an 
aborted lamb. This organism became C. fetus 
subsp. fetus, which is the type species for the 
genus. Later other veterinary pathogens were 
isolated. The first Campylobacter, then called 
Vibrio jejuni, was isolated by Jones and Little 
(1931) from the jejunum of calves with enteritis, 
followed by V. coli isolated from pigs by Doyle 
(1944). The first report of an isolate from human 
gastrointestinal disease was by Levy (1946). 
However, one can argue that Escherich, in 1889, 
was the first to describe small vibrios in the 
large intestinal mucus of infants who had died 
of “cholera infantum,” presumably caused by 
C. jejuni or C. coli. Important bacteriological 
progress was made by King (1957), who cultured 
microaerophilic vibrios at 42°C. She correctly 
hypothesized that the organism was involved in 
diarrheal illness (King, 1962). The genus Campy- 
lobacter was introduced in 1963 (Sebald and 
Veron, 1963) to differentiate, from the tradi- 
tional members of the genus Vibrio, those organ- 
isms with a low G-\-C DNA content, a strict 
microaerophilic nature, and a nonsaccharolytic 
biochemistry. In 1973, Veron and Chatelain 
(1973) published the first accepted taxonomy of 
the genus Campylobacter. 

The human gastric pathogen Campylobacter 
pyloridis (later corrected to C. pylori) was added 
to the genus (Marshall et al., 1984) in 1984. Five 
years later, this organism and related organisms 
were relocated into the new genus Helicobacter 
on the basis of 5S and 16S RNA sequence 
data and DNA-DNA hybridization experiments 
(Goodwin et al., 1989). 

Campylobacter hyointestinalis was added to 
the genus in 1983 (Gebhart et al., 1983). Subse- 
quently this species was divided into C. hyointes- 
tinalis subsp. hyointestinalis and C. hyointestinalis 
subsp. lawsonii (On et al., 1995). Campylobacter 
upsaliensis was included in the genus in 1991 
(Vandamme et al., 1991b). 

Ribosomal sequence data resulted in a recent 
reclassification of certain Wolinella and Bacteroi- 
des species as part of the genus Campylobacter. 
Wolinella curva was described in 1984 and added 
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to the genus Campylobacter as C curvus (also 
referred to as C curva) and Wollinella rectus was 
added to the genus as C rectus (also C recta) in 
1991 (Vandamme et al, 1991b). Bacterioides gra- 
cilis was included in the genus as C gracilis in 
1995 (Vandamme et al., 1995). 

In 1985, C. sputorum subsp. mucosalis was 
renamed C. mucosalis (Roop et al., 1985a). The 
other subspecies of C. sputorum (C. sputorum 
subsp. sputorum and C. sputorum subsp. huhu- 
lus) and “C. fecalis'' are classified as biovars of 
C. sputorum (Roop et al., 1985b). 

Campylobacter helveticus sp. nov. was 
described in 1992 (Stanley et al., 1992). Campy- 
lobacter showae was described in 1993 (Etoh et 
al., 1993). In 2000, a new species was isolated 
from the feces of healthy abattoir workers. The 
proposed name for this species is ‘'Campylo- 
bacter lanienae sp. nov.” (Logan et al., 2000). 
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Fig. 1. Phylogenetic tree of the family Campy lobacteraceae 
and its closest neighbors, based on the percent 16S rRNA 
gene sequence similarity. Burkholderia cepacia was used as 
an outgroup organism. From Vandamme (2000), with 
permission. 



In 1991, a number of putative Campylobacters 
were moved to the new genus Arcobacter or 
Helicobacter on the basis of ribosomal sequence 
analysis (Vandamme et al., 1991a; Vandamme 
and DeLey, 1991b). Campylobacter cryaerophila 
was added to the genus Campylobacter in 1985 
and subsequently became Arcobacter cryaero- 
philus. Campylobacter nitrofigilis was added in 
1983 and became Arcobacter nitrofigilis. Campy- 
lobacter fennelliae was added in 1988 and 
became Helicobacter fennelliae. In addition, 
Campylobacter cinaedi was reassigned as Helico- 
bacter cinaedi. 

The relatedness of the 15 species and 6 subspe- 
cies within the genus Campylobacter is shown 
(Fig. 1). In 1994, minimal standards were pro- 
posed for describing new species of the family 
Campylobacteraceae (Ursing et al., 1994). 
Despite these recommendations, some debate 
remains over the designation of C. hyoilei 
(Alderton et al., 1995), the characteristics of 
which may be identical to those of C. coli 
(Vandamme et al., 1997). The position of 
Bacteroides ureolyticus, formerly known as “C. 
ureolyticus'' (or urease-positive thermophilic 
Campylobacter), is also debatable (Vandamme 
et al., 1995). 



Physiology 

Table 1 summarizes the biochemical characteris- 
tics of the various Campylobacter species. All 
members of the genus have a low G-hC content 
(29-47 mol%) and an optimal growth tempera- 
ture (30-42°C). All the species are nonspore- 
forming, are sensitive to 3% or more NaCl, re- 
duce fumarate to succinate, are oxidase-positive 
(except for C. gracilis), are indole-negative and 
reduce nitrate (except C. jejuni subsp. doylei). 

All Campylobacters are microaerophiles (opti- 
mal concentrations of O 2 [5-10%] and CO 2 [3- 
5%]). Some species (C. gracilis, C. hyointesti- 
nalis, C. showae and C. sputorum bv. fecalis) can 
grow under anaerobic conditions. Campylo- 
bacter concisus, C. mucosalis, C. rectus, C. curvus, 
C. showae and C. gracilis also require H 2 and/or 
formate or fumarate for growth. Energy metab- 
olism occurs by respiration, not by fermentation 
or oxidation of carbohydrates. 

The bacterial cells are slender, helical or 
curved rods (0.2-0.8 pm x 0.5-5.0 pm; Fig. 2). 
Certain species have cells that are straighter rods 
(i.e., C. showae), and in C. jejuni strains, cells are 
occasionally straight rods. Helical or curved rods 
can be observed in short or longer chains that 
can be V-, S-, or comma-shaped. In old cultures 
or cultures exposed to environmental stresses 
such as atmospheric oxygen, the cells can change 
to spherical or coccal forms. 



Table 1. Biochemical differentiation of species within the Campylobacteraceae. 
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Campylobacter fetus subsp. venerealis. 
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Fig. 2. Electronmicrograph of Campylobacter jejuni. 



In general, Campylobacters have a characteris- 
tic darting, corkscrew-like motility conferred by 
a single, polar non-sheathed flagellum. However, 
C showae has a unipolar bundle of flagella, 
and C. gracilis is nonmotile and lacks flagella 
(Vandamme and De Ley, 1991a; Vandamme, 
2000). Both C. jejuni and C. coli can produce 
nonmotile variants, especially on frequent 
subculture. 



Habitat 

Campylobacter species colonize the mucous 
overlying the mucosal surfaces of mammals and 
birds. Their darting motility enables them to 
maintain station in the mucous flow. 

The thermophilic organism C. jejuni subsp. 
jejuni appears to have evolved to optimally col- 
onize the intestinal mucosa, especially the 
cecum, of birds (body temperature 42°C). In this 
habitat, the organism appears to act as a com- 
mensal. It is most frequently isolated from 
broiler chickens. However, C. jejuni also colo- 
nizes the intestinal mucosa of mammals with 
lower body temperatures, where it acts as a 
pathogen. In some humans, particularly those 
who are immunocompromised, survival and 
growth at extraintestinal sites can also occur. The 
microaerophilic nature and temperature depen- 
dence of these organisms preclude growth out- 



side their intestinal niches. Nevertheless, these 
species can be isolated from fecally contami- 
nated environmental sources, such as surface 
water and animal products, including meat and 
milk. 

The intestinal mucosa is also the usual habitat 
of most other Campylobacter species. Some 
species are frequently, but not exclusively, host- 
associated. Campylobacter coli, C. mucosalis and 
C. hyointestinalis are most frequently isolated 
from the intestinal contents of pigs. Campylo- 
bacter lari is usually isolated from wild birds, 
although it has also been isolated from shellflsh, 
presumably from the filtration of water fecally 
contaminated by sea gulls. Campylobacter upsa- 
liensis and C. helveticus are found in the intes- 
tines of cats and dogs. 

Campylobacter fetus subsp. fetus also colonizes 
the intestinal tract, usually of cattle and sheep 
and sometimes of humans, but can translocate 
from the gut to cause systemic infection. In par- 
ticular this organism appears to have a tropism 
for the urogenital tract, where it can colonize the 
uterine mucosa and fetal tissues. In contrast, C. 
fetus subsp. venerealis has bovine host specificity 
and has only rarely been recovered from the 
intestine. This organism specifically colonizes the 
prepuce of bulls and the vagina and fetal tissues 
of venereally infected cows. Campylobacter spu- 
torum bv. bubulus is also found primarily in these 
bovine urogenital sites, whereas C. sputorum bv. 
fecalis colonizes bovine genitalia and the intes- 
tines of various host species. 

Several Campylobacter species specifically col- 
onize the oral cavity. Campylobacter sputorum 
subsp. sputorum, C. concisus, C. rectus, C. curvus 
and C. showae are recoverable from human oral 
flora. Campylobacter gracilis has been isolated 
from gingival crevices. Some of these bacteria 
are also recoverable from feces, though whether 
this reflects intestinal tract colonization or tran- 
sient passage is debatable. 

Isolation 

Isolation methods for Campylobacter spp. have 
improved considerably over the last few decades. 
Isolation of clinically relevant thermophilic 
Campylobacters from stool samples is generally 
based on selective antibiotics and growth at 42°C 
to inhibit contaminating flora. The isolation of 
bacteria from food and environmental samples, 
or any sample with low numbers of stressed bac- 
teria potentially present, usually involves pre- 
enrichment procedures followed by culture on 
selective media. One drawback of this is the pos- 
sible overgrowth and inhibition by competing 
bacteria during the pre-enrichment period. A 
further problem is that different culture tech- 
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niques recover different species and strains. 
Available isolation procedures and media have 
recently been reviewed (Corry et al., 1995). The 
most recent strategies for isolation from food 
and water are reviewed elsewhere (Hunt and 
Abeyta, 1995; International Organization for 
Standardization, 1995; Jacobs-Reitsma, 2000). 

Most enrichment media for Campylobacter 
are based on selective antimicrobials (especially 
cefoperazone, cycloheximide, trimethoprim and 
vancomycin), which are sometimes added with 
delay to allow resuscitation of damaged organ- 
isms. Campylobacters, especially stressed organ- 
isms, are very sensitive to peroxides despite their 
possession of superoxide dismutase and catalase. 
Such organisms benefit from media with radical 
scavengers (e.g. charcoal or sheep or horse 
blood) and from improved atmospheric condi- 
tions (H 2 in combination with formate). The use 
of selective antibiotics and a high incubation 
temperature may prevent isolation of certain 
sensitive, less-common Campylobacter species, 
e.g., C. hyointestinalis, C. upsaliensis, C. mucosa- 
lis or C. jejuni subsp. doylei. Many of these spe- 
cies are slower growing and incubation periods 
should be extended for their isolation. 

A nonselective protocol for the isolation and 
identification of Campylobacters and related 
organisms from stools and blood, primarily of 
human origin, is described below (see the section 
Identification in Stools and Blood Samples: The 
Cape Town Protocol in this Chapter). 

Genetic Detection 

The polymerase chain reaction (PCR) has 
recently been applied to the detection of Campy- 
lobacters. Such genetic detection techniques can 
be very sensitive; however, depending on the 
type of sample, they generate a number of prob- 
lems. In samples with low bacterial numbers (i.e., 
foods), pre-enrichment is required. This greatly 
reduces the benefit of PCR as a fast one-step 
method. The presence of potential PCR inhibi- 
tors ensures the need for robust PCR protocols 
(Thunberg et al., 2000). Purification procedures 
to remove PCR inhibitors are effective but add 
extra work (Wang et al., 1999). In feces, numbers 
of Campylobacters may vary and the presence of 
significant numbers of other microorganisms 
demands a high specificity. The desirability of 
detecting viable but not culturable forms in the 
environment is questionable. At the moment, the 
tendency is to ignore such damaged organisms 
because they are insignificant in terms of 
infectivity (Fearnley et al., 1996). However, the 
debate is not yet closed (Cappelier et al., 1999). 
Some PCR detection methods developed for 
Campylobacter spp. detect directly at the species 
level; others do not differentiate a number of 



species. (See the section Genetic Identification: 
Methods for Speciation in this Chapter.) 



Identification 

Biochemical Identification 

A comparison of the recent literature regarding 
the systematic bacteriology of Campylobacters 
(Skirrow, 1990; Tenover and Fenell, 1992; Cowan 
and Steel, 1993; Bergey’s Manual, 1994; 
Nachamkin, 1995; On, 1996; Topley, 2000; 
Vandamme, 2000) reveals many inconsistencies 
in their biochemical properties. This variation, 
largely a consequence of experimental variation 
and the subjective nature of such tests, highlights 
the need for standardization. A consensus of bio- 
chemical and growth properties of all Campylo- 
bacter species is given in Table 1. Such tables 
should be treated circumspectly as rigid adher- 
ence to these properties may result in mistyping. 
Some strains have anomalous properties, e.g., 
hippurate-negative C. jejuni has been reported 
(Totten et al., 1987). Some tests give inconsistent 
results, i.e., H 2 S production on triple sugar iron 
(TSI) medium is extremely inconsistent for C. 
jejuni, C. coli, C. lari, C. concisus, C. hyointesti- 
nalis and C. sputorum. Some properties are 
dependent on the age of the culture and the test 
conditions applied. 

For the speciation of clinically relevant iso- 
lates, distinguishing Campylobacters from other 
organisms with similar morphology and ecology 
(especially certain helicobacters and arco- 
bacters) is important. Because C. jejuni/coli and 
C. fetus are thought to be the most relevant 
pathogens, identification of Campylobacters, 
other than these three, is not always carried out. 
Indeed in most studies C. jejuni and C. coli are 
by far the most commonly isolated pathogens. 
However this may, in part, reflect the use of 
selective antibiotics, which does not allow 
growth of most other Campylobacters. When a 
filter technique is used, without antimicrobial 
selection, significantly higher numbers of other 
Campylobacters are detected. 

Identification in Stools and Blood Samples: 
The Cape Town Protocol 

One of the best protocols to isolate every possi- 
ble member of the genus is the Cape Town pro- 
tocol (developed at the Red Cross Children’s 
Hospital in Cape Town, South Africa; Le Roux 
and Lastovica, 1998). In this laboratory, most 
Campylobacter species (with the notable excep- 
tion of C. sputorum subsp. sputorum) have been 
isolated from blood of patients with bacteremia. 
One therefore may speculate that, under certain 
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conditions, every Campylobacter species may be 
pathogenic. However, these findings may be a 
consequence of the socio-economic, hygienic 
and nutritional status of the patients. A brief ver- 
sion of the protocol is included here with the 
permission of Dr. Albert Lastovica. 

For stool samples, a watery emulsion of fecal 
material in saline should be applied, without 
pressure, to 0.6-pm pore filters placed directly on 
agar plates containing 10% horse blood. The fil- 
ter is flooded three times with emulsified speci- 
men. Blood samples are applied directly to the 
plate without filtration. Primary culture plates 
should be incubated in an H 2 -containing atmo- 
sphere for 6 days, checking for growth every 2 
days. Plates should not be checked within the 
first 24 h to prevent lethal damage to fastidious 
organisms. An H 2 -containing atmosphere can be 
generated by anaerobic Gas Pack without using 
a catalyst, alternatively by the application of a 
gas mixture of 15% CO 2 and 85% H 2 . Campylo- 
bacter colonies are mostly buff colored or dirty 
yellow. Campylobacter helveticus, Helicobacter 
fennelliae, H. cinaedi and H. rappini spread, 
forming thin, flat films, which often become vis- 
ible after 6 days. Arcobacter colonies are whiter. 
A Gram stain should confirm the cell morphol- 
ogy. The cells of H. fennelliae and H. cinaedi are 
thin, long spirals; those of C. mucosalis are short 
and stubby. Campylobacter hyointestinalis and 
Arcobacter are big and slightly curved bacteria, 
whereas C. concisus, C. rectus, C. curvus and C. 
ureolyticus are straight or hardly curved. 

Putative Campylobacters are subcultured on 
two tryptose blood agar plates (TBA containing 
10% horse blood). One plate is incubated in the 
H 2 -containing atmosphere, the other in 13% CO 2 
in air. All subsequent tests are performed using 
a 48-h old culture from the culture grown in the 
H 2 -containing atmosphere, with the exceptions 
of the lead acetate (PbAc) and TSI tests, which 
could give false-positive results under such cul- 
ture conditions. The CO 2 culture is used for these 
tests. Growth in the plate incubated in a CO 2 - 
containing-atmosphere is checked for up to 4 
days. Table 2 lists the organisms expected to 
grow in the C02-containing atmosphere. 

The tests performed for species identification 
are listed in Table 2. Inconsistencies appear 
between Tables 1 and 2; the former is a compila- 
tion of available determination tables from the 
literature; however, the test results of Table 2 
were obtained from one laboratory. 

Identification in Veterinary 
Venereal Specimens 

Campylobacter fetus infection in bovines is a 
challenging diagnostic problem. Campylobacter 
fetus subsp. venerealis can be venereally trans- 



mitted from bulls to cause infertility and abor- 
tion in susceptible cows. This infection is of 
statutory significance for import-export regula- 
tions in many countries. This is of major impor- 
tance in the international trade of bovine semen 
and embryos. The major diagnostic problem, 
however, occurs because other Campylobacter 
species and C. fetus subspecies may also be 
present in bovine genital tract and fetal samples. 
One simple method of differentiation of C. fetus 
from the commensal, C. sputorum, is the rapid 
H 2 S test and growth in bile esculin (Table 1). 
Some regulations call for freedom from all C. 
fetus and others for freedom from C. fetus subsp. 
venerealis only. Thus, differentiation between 
subspecies may be crucial. Currently subspecia- 
tion is based on growth tolerance to 1 % glycine 
(Table 1). However, tolerant variants of C. fetus 
subsp. venerealis occur. There is little serotypic 
diversity within the species: C. fetus subsp. fetus 
comprises two serotypes (A and B), whereas C. 
fetus subsp. venerealis is always of serotype A 
(Marsh and Firehammer, 1953). Complementary 
genotypic methods have now been developed for 
the subspeciation of C. fetus. 



Genetic Identification: 

Methods for Speciation 

Tests have now been described to identify 
Campylobacter species by means of genetic 
methods. Most of these tests are based on PCR 
and some commercial PCR tests are now avail- 
able. Potentially PCR should be easier to per- 
form and more reliable than biochemical tests, 
but PCR identification for Campylobacters has 
not been accepted for routine use. Available 
genetic identification methods have been 
reviewed recently (On, 1996). 

Some PCR detection methods developed for 
Campylobacter spp. detect the thermophilic 
Campylobacters directly at the species level with 
variable levels of discrimination (Table 3). Most 
of these methods are based on amplification 
of (fragments of) flagellin genes or ribosomal 
genes. In some of the methods, the target gene 
for species-specific amplification has been 
selected by hybridization experiments and has 
not been further characterized (Korolik et al., 
1995). Species-specific hybridization of PCR 
products obtained with degenerate primers is 
also used (Al Rashid et al., 2000). The methods 
described vary in complexity from a single PCR 
directly from the sample to pre-enrichment and/ 
or filtering, amplification, and gel electrophoresis 
followed by Southern blotting (or spot blots) 
and hybridization. The relative efficacy of these 
methods has yet to be determined. In one com- 
parative study, speciation by PCR was at least as 



Table 2. The Cape Town protocol for the differentiation of clinically relevant Campylobacters and related organisms. 
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C. Helvetica, C. hyointestinalis , C. mucosalis, C. concisus, C. sputorum (bv fecalis, sputorum, bubulus), C. ureolyticus, C. gracilis, C. showae, C. curvus, C. rectus. 
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sensitive as classical biochemical techniques 
(Steinbriickner et al, 1999). 

Genetic identification methods (independent 
of PCR) have also been described, for instance, 
hybridization of Southern blots with species- 
specific probes derived from the rRNA genes 
(Tenover et al, 1990). The technique known as 
“NASBA” (“nucleic acid sequence-based ampli- 
fication”) is based on Taq-independent, room 
temperature amplification, and this can be used 
for speciation when it is followed by hybridiza- 
tion (Uyttendaele et al., 1994). Atypical thermo- 
philic Campylobacters can be identified as C. 
jejuni or C. coli (or neither of these) by slot-blot 
hybridization (Ng et al., 1987). Positive identifi- 
cation of Campylobacter species should be 
confirmed, ideally, by DNA-DNA hybridization 
with the type-strain. DNA hybridization has 
revealed the existence of hippurate-negative C. 
jejuni isolates (Totten et al., 1987). Such tech- 
niques are generally considered too complex to 
be applied on a routine basis. 

Isolates specified by classical biochemical 
identification are sometimes found more likely 
to be members of different species based on their 
genotype (Duim et al., 2001; Waino et al., 2003). 
Such observations indicate that biochemical 
identification is often unreliable when not 
backed up with DNA-DNA hybridization or 
other genetic methods. On the other hand, some 
genetic tests do not have a sufficient level of 
discrimination to be used for species identifica- 
tion. An example of the latter is the flagellin 
gene restriction fragment length polymorphism 
(RFLP), in which C. coli cannot be distinguished 
from C. jejuni because both species can share 
identical flagellin genotypes. 

The subspeciation of C. fetus subsp. fetus and 
C. fetus subsp. venerealis has been addressed by 
genotyping techniques. Pulsed field gel electro- 
phoresis (PFGE) of chromosomal DNA enables 
differentiation of the two subspecies, both on the 
basis of restriction enzyme banding patterns 
(Fujita et al., 1995a) and on their difference in 
genome size {C. fetus subsp. fetus has 1.1 Mb and 
C. fetus subsp. venerealis 1.3 Mb; Salama et al., 
1992). In addition, a PCR test has been described 
that apparently can discriminate between C. 
fetus subsp. fetus and C. fetus subsp. venerealis 
(Hum et al., 1997). Finally, amplified fragment 
length polymorphism (AFLP) is also proving an 
extremely useful discriminatory method for 
these subspecies (Wagenaar et al., 2000). 

Phenotypic Methods for Subtyping 

Subtyping is a routine tool for epidemiological 
investigation, particularly tracing food-borne 
bacteria, such as C. jejuni! coli, through the food 
chain. Serotyping has been the most commonly 



used method of phenotyping. Early studies 
demonstrated considerable serologic variation in 
both the heat-stable (Penner and Hennessy, 
1980) and heat-labile antigens (Lior et al., 1982) 
of C. jejuniicoli strains. The lipopolysaccharide 
(EPS) is considered the heat-stable antigenic 
component (Moran and Penner, 1999), but 
recent studies suggest that a surface polysaccha- 
ride may also be involved (Karlyshev et al., 
2000). Similarly the heat-labile antigen may be 
a mixture of flagellin polypeptides modified 
by strain-specific posttranslational glycosylation 
(Doig et al., 1996a). Recently a further serotyp- 
ing scheme has been developed for routine use 
in the United Kingdom (Frost et al., 1998). 
Although serotyping has been a useful tool, the 
poor availability and expense of production and 
quality control of antisera have generally pre- 
cluded the extensive use of this method. In addi- 
tion, a considerable proportion (up to 40%) of 
isolates are not typeable by this method. 

Phage typing has also been developed 
(Grajewski et al., 1985; Salama et al., 1990; 
Khakhria and Lior, 1992). Recently a layered 
strategy combining serotyping and phage typing 
(Frost et al., 1999) has been applied to the typing 
of human Campylobacter strains in the United 
Kingdom (Newell et al., 2000). 

Other phenotyping techniques applied to 
Campylobacters have included fatty acid profiling 
and sodium dodecyl sulfate polyacrylamide gel 
electrophoresis protein profiling, but such tech- 
niques rarely have the discriminatory power 
required for epidemiological purposes. 

Genetic Methods for Subtyping 

Many genetic methods have been described 
for the subtyping of Campylobacter strains, and 
these were recently reviewed (Wassenaar and 
Newell, 2000). Genetic sub typing studies have 
revealed an enormous genetic diversity within 
the species C. jejuni and C. coli and to a lesser 
extent within C. lari, C. consisus and C. upsalien- 
sis. Genetic typing methods (such as PFGE [of 
digested chromosomal DNA], ribotyping, and 
AFLP) have been found satisfactory for epide- 
miological investigations and have given insight 
into the population structure of C. jejuni and 
C. coli. The findings suggest a complex, weakly 
clonal population which has been confirmed 
by multilocus enzyme electrophoresis studies 
(Meinersmann et al., 2002) and multilocus 
sequence typing (MLST; Dingle et al., 2002; 
Manning et al., 2003). Genetic characterization 
of isolates is potentially hampered by frequent 
exchange of DNA between strains (as suggested 
by MLST), possibly by the property of natural 
competence to take up and incorporate chromo- 
somal DNA (Wang and Taylor, 1990). The fre- 
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quent exchange of (parts of) genes or loci may 
preclude recognition of particular pathotypes 
(Meinersmann et al, 2002). In addition to 
exchange of alleles, Campylobacter genomes 
may undergo inversions and translocations, ren- 
dering their genotypes unstable. This has been 
observed by changes in PFGE genotypes and 
seems to be strain-dependent rather than a 
general characteristic (Wassenaar et al., 1998). 
Finally, experimental mixed infections in animals 
have resulted in the selection of novel genotypes 
(Boer et al., 2002). These observations suggest 
that genotypic identification of isolates requires 
careful interpretation. 



Preservation 

Campylobacter cultures age quickly and rapidly, 
become coccoidal in form, and lose viability. 
Short-term storage (up to 7 days) of plate cul- 
tures is possible at 4°C under microaerobic con- 
ditions. Long-term storage should be of actively 
growing cultures. Campylobacters can be freeze- 
dried but specialist skills and equipment are 
required, and recovery is sometimes poor. In 
most routine laboratories, Campylobacters are 
frozen in media containing a cryopreservative, 
such as 10% glycerol, and stored in -70° to -80°C 
freezers or in liquid nitrogen. Strains stored in 
this way have remained viable for over 20 years. 
Recovery from frozen stocks may require pre- 
enrichment for recovery of damaged cells. 



Epidemiology 

Epidemiology of C. jejuni and C. coli 

Campylobacter jejuni and the closely related 
organism C. coli are the most common cause 
(worldwide) of acute bacterial enteritis (Tauxe, 
1992). The clinical outcome of infection varies 
throughout the world. In industrialized coun- 
tries, such as the United States and United 
Kingdom, infection results in acute watery or 
bloody diarrhea. The required infectious dose for 
disease, as determined by volunteer studies, was 
large (10"^ colony forming units; Black et al., 
1992) but asymptomatic infection occurs at lower 
doses, and the outcome of disease is dependent 
on the immune status of the host. In nonindus- 
trialized countries, diarrhea associated with 
infection is usually apparent only in children 
under the age of 2 years. Thereafter, infection 
appears to be asymptomatic. The reason for this 
difference is not clear but may reflect differences 
in the immune status of individuals in the non- 
industrialized world. 



Surveillance of infection has been in place in 
England and Wales since the early 1980s. The 
data demonstrate a clearly increasing trend in 
reported cases. Initially this trend may have 
reflected improved diagnosis. The cause of the 
more recent increases is, as yet, unknown. In 
1998, 58,000 cases were reported. Community- 
based studies (Tompkins et al., 1999) suggest that 
over 8 times as many cases are unreported. This 
indicates that in this geographical region there 
are half a million cases per annum. The World 
Health Organization (WHO) estimates approxi- 
mately 1% of the population is infected each 
year. Tlie social and economic cost of this disease 
is considerable. 

The sources and routes of human infection are 
still debatable. Human-to-human spread rarely 
occurs. The organisms are ubiquitous in the envi- 
ronment and can be recovered from most food- 
producing and domestic animals and birds, as 
well as from surface waters, soil, etc. The vast 
majority of infections are sporadic. Outbreaks 
are occasionally detected. In large outbreaks, 
contaminated water and milk appear to be major 
vehicles. For sporadic cases, the vehicles are very 
difficult to detect. However, some case control 
studies indicate that the consumption or han- 
dling of raw or undercooked poultry meat is a 
major risk factor. Other recognized risk factors 
include young domestic pets (kittens or puppies 
with diarrhea), unpasteurized milk, swimming in 
surface waters, and barbecues. 

The epidemiology of these organisms in mam- 
malian species other than humans is unknown. 
Most young mammals become colonized early, 
presumably with organisms transmitted by occa- 
sional excretion from dams. These infections are 
rarely symptomatic. 

Many poultry flocks are colonized asymptom- 
atically with C. jejuni or C. coli. This infection is 
usually only detectable when the birds are 2-3 
weeks of age. Once detected, 100% of chickens 
become infected within 72 h. The sources of 
infection for these birds are unknown, and 
although organisms can be recovered from the 
oviducts, vertical transmission is not considered 
a major source. Most likely birds are infected 
from organisms around the external environ- 
ment of the poultry house. 

Epidemiology of C. fetus 

Campylobacter fetus subsp. venerealis is venere- 
ally transmitted and is a frequent infectious 
cause of bovine infertility in those countries 
where natural mating, rather than artificial 
insemination (Al), is standard agricultural prac- 
tice (Garcia et al., 1983). For the purposes of Al, 
bulls standing at Al centers are screened for 
infection and semen is antibiotic treated. This has 
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significantly reduced the risk of transmission of 
bovine C fetus subsp. venerealis infection. The 
statutory testing of bulls, semen and embryos for 
import and export is in place in most countries 
to protect cattle herds. 

Campylobacters, mostly C. fetus, can cause 
fetopathology, leading to fetal death, in both cat- 
tle and sheep. In the United Kingdom Campylo- 
bacter infections in cattle represent a significant 
proportion (7%) of diagnosed infectious causes 
of bovine fetopathy and infertility (VIDA, 1996) 
and constitute the third most common cause of 
all ovine abortions (10%) diagnosed at veteri- 
nary investigation centers (VIDA, 1996). Serious 
economic loss results from abortion, which can 
affect up to 70% of a flock. Ovine C. fetus abor- 
tion is reported throughout the world and is of 
particular importance in Middle Eastern coun- 
tries such as Jordan (Aldomy, 1992). In New 
Zealand, where it is the most common cause of 
ovine abortion, C. fetus subsp. /eto is responsible 
for 60-70% of cases (Skirrow, 1994). Campylo- 
bacter fetus abortion may be underdiagnosed in 
the United States (Hansen et al., 1990). This 
organism is not venereally transmitted but 
readily colonizes the intestinal tract. Infection 
appears to be transmitted via contact with active 
fecal shedders. Non-ovine reservoirs of infection 
may exist in some wildlife, including birds. 

Especially in immunocompromised individu- 
als, C. fetus subsp. fetus can cause severe human 
infection, which is thought to occur by the inges- 
tion of fecally contaminated food, for example 
beef or lamb. The incidence of human disease is 
unknown. 



Pathogenicity 

Disease Caused by C. jejuni and C. coli 

Human infection with C. jejuni or C. coli usually 
presents with fever followed by diarrhea. Intes- 
tinal illness may be accompanied by bacteremia 
and systemic infection, especially in persons at 
the extremes of age or who are immunocom- 
promised. However, in most cases, infection is 
confined to the intestine. Colonic biopsies dem- 
onstrate an acute inflammatory response with 
infiltration of the epithelium and lamina propria 
by neutrophils and mononuclear cells. The diar- 
rheic stools of affected individuals from industri- 
alized countries usually contain leukocytes and 
erythrocytes, even when the stools are watery 
and not grossly bloody. Thus, Campylobacter 
colitis and enteritis should be considered an 
inflammatory illness. The disease is generally 
self-limiting and antibiotic treatment is not nor- 
mally required. The duration of diarrhea is usu- 
ally less than one week; however, excretion of 



the organism may continue for several weeks. In 
up to 20% of cases, a relapse, usually mild, may 
occur within a few days of spontaneous remis- 
sion. Such cases may indicate an incomplete 
immune response. Immunocompromised hosts, 
including patients infected with human immun- 
odeficiency virus, often have severe, extrain- 
testinal, prolonged and relapsing illnesses, 
sometimes with a permanent inability to clear 
the organism (Melamed et al., 1983; Perlman 
et al., 1988). 

An important sequelum of C. jejuni infections 
is the development of the Guillain-Barre Syn- 
drome (GBS), an acute neurological disease 
marked by ascending paralysis resulting from 
demyelination of peripheral nerves (for a recent 
review, see Nachamkin et al. [1998]). In the 
United States, an estimated 0.05% of C. jejuni 
infections induce GBS (Nachamkin et al., 1998). 
The symptoms are evident about 7-21 days fol- 
lowing onset of infection. This timing suggests 
that the host immune response to C. jejuni, 
rather than the acute toxicity of the infection, is 
responsible for the disease. Certain heat-stable 
serotypes, especially 0:19 (in the United States 
and in Japan; Kuroki et al., 1993) and 0:41 (in 
South Africa; Lastovica et al., 1997) are predom- 
inantly linked to the onset of GBS. However, 
in European countries the correlation with 
certain serotypes is less clear (Endtz et al., 2000). 
Autoimmune responses, as a consequence of 
mimicry of host neurological tissue antigens by 
bacterial antigenic components (especially EPS) 
of these serotypes, are considered to be the trig- 
ger for GBS. 

Pathogenicity of C. jejuni/coli 

The pathogenic mechanism(s) by which C. jejuni 
and C. coli cause diarrheal disease remains sur- 
prisingly obscure. Although a number of viru- 
lence factors have been implicated, a satisfying 
explanation for this most common outcome of 
infection cannot be given. The main reason for 
this is the absence of suitable laboratory animal 
models of disease (Newell, 2001). 

The complete genome sequence of strain C. 
jejuni 11168 confirmed the absence of an identi- 
fiable virulence-associated pathogenicity island; 
however, this strain may not be representative 
of the species. Furthermore, virulence factors 
(enterotoxin, shiga-toxin, or hemolysin genes, 
and invasion loci) recognized as key in other 
enter op athogens were all absent (Parkhill et al., 
2000). As recognized by genotypic analysis, C. 
jejuni/coli are diverse species (see the section 
Genetic Methods for Sub typing in this Chapter). 
This diversity is apparently reflected in patho- 
genic phenotype: many different toxins have 
been described (for a review, see Wassenaar 
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[1998]); fimbriae and other adhesion structures 
can be present under specific growth conditions 
(Doig et al., 1996b), and invasion properties and 
mechanisms vary or may be absent (Lindblom et 
al, 1990; Wassenaar and Blaser, 1999). This 
resembles the situation with Escherichia coli and 
Salmonella enterica, where many different 
pathotypes exist. However, in C. jejuni/coli, dif- 
ferent pathotypes have not yet been sufficiently 
characterized; tissue tropism or host-specificity 
of strains within these bacterial species seems to 
be absent, and the genetic basis for the observed 
phenotypic variation is largely unknown. 

All strains of C. jejuni and C. coli can produce 
fiagella, and motility has long been recognized as 
a virulence property. Inactivation of the struc- 
tural genes for flagellin results in loss or attenu- 
ation of colonization potential (Nachamkin et 
al., 1993; Wassenaar et al., 1993). Phase variation 
results in colonies of nonmotile cells and is reg- 
ulated at the level of transcription of fiagellin 
(Nuijten et al., 1989). The two tandem fiagellin 
genes, present in a single locus, have different 
roles, with the first gene being predominantly 
expressed (Wassenaar et al., 1994). Flagellin 
protein is immunodominant during infection 
and can elicit a protective immune response 
for homologous but not heterologous strains 
(Pavlovskis et al., 1991). 

The role of adhesive structures, like fimbriae, 
is unclear. Fimbrial-like protrusions (Doig et al., 
1996a) are now considered an artifact of expo- 
sure to bile salts (Gaynor et al., 2001). No struc- 
tural genes for fimbrial proteins have been 
identified. Both EPS and fiagella have been 
shown to have adhesive properties. Proteina- 
ceous adhesins have also been identified 
(reviewed in Konkel et al. [2000]). Adhesion 
may not be required for colonization because 
motility enables the bacteria to overcome peri- 
staltic fiow. However, invasion depends on prior 
adhesion to the mucosal cells. Different invasion 
mechanisms have been described that may 
depend on actin polymerization (reviewed in 
Konkel et al. [2000]). Either microfilament- 
dependent pseudopods are formed, or the 
microfilaments do not reorganize; instead, 
microtubules are involved in the uptake mecha- 
nism (Oelschlaeger et al., 1993). Both clathrin- 
coated pits (Oelschlaeger et al., 1993) and 
clathrin-independent caveolae (Wooldridge et 
al., 1996) have been implicated in endocytosis. 
These different findings may reflect strain and 
pathotype differences. 

Cell damage, as a result of bacterial invasion, 
is probably one of the major factors resulting in 
diarrhea. This damage, combined with invasion 
into deeper tissue, would account for the inflam- 
matory response. The bacteria may enter the 
bloodstream where they are quickly cleared by 



complement activation. Some C. jejuni strains 
that are highly resistant to serum have been 
detected, although the mechanisms for this resis- 
tance have not been clarified (Blaser et al., 
1986). Most circulating bacteria eventually will 
be phagocytosed by leukocytes or macrophages 
of the reticuloendothelial system. Recent studies 
on the behavior of C. jejuni after phagocytosis in 
vitro using monocytes stimulated with cytokines 
showed that macrophages are able to kill all 
tested strains with high efficiency (Wassenaar 
et al., 1997). These findings are in agreement 
with the self-limiting nature of most C. jejuni 
infections. 

One of the mechanisms for virulence proposed 
in the early days of Campylobacter research was 
the production of toxins. Research concentrated 
on exotoxins (as opposed to the toxic effects of 
EPS), which were called either “enterotoxins” or 
“cytotoxins.” Cytotoxic activity with similarity 
(both in mode of action and immunological 
crossreaction) to that observed with the entero- 
toxins of Vibrio cholera and E. coli was detected. 
Nevertheless, enterotoxin genes are absent in C. 
jejuni (Perez-Perez et al., 1992). The cytotoxic 
activity is most likely the result of one or several 
cytotoxins. In a recent review (Wassenaar, 1997), 
at least six different toxins, or classes of toxins, 
were recognized. Of these, the cytolethal dis- 
tending toxin (Cdt) is the first toxin for which the 
genetic locus has been cloned and its sequence 
analyzed (Pickett et al., 1996). This toxin blocks 
HeEa (a line derived from human adenocarci- 
noma) cell division in the G 2 /M phase, ultimately 
leading to cell death (Whitehouse et al., 1998). 
The direct role of Cdt in disease remains to be 
demonstrated. All C. jejuni isolates studied to 
date possess the cdt gene; however, differences 
in expression of Cdt have been demonstrated 
(Johnson and Eior, 1988; Pickett et al., 1996). The 
genetic basis for this variation in levels of expres- 
sion is not yet known; however, Cdt negative 
strains naturally occur as a result of deletions 
or point mutations (AbuOun et al., 2004). The 
strong conservation of the cdt locus in Cdt- 
negative strains suggests that toxicity is not the 
sole function of this locus. 

As with other Gram-negative bacteria, the 
lipid A component of C. jejuni lipopolysac- 
charide (EPS) has endotoxic activity (Moran, 
1996). Systemic infection can lead to sepsis and 
shock, presumably as a result of EPS release. The 
role of EPS in the development of GBS is dis- 
cussed in “Disease Caused by C. jejuni and C. 
coliC 

Since C. jejuni and C. coli are frequently asso- 
ciated with infiammatory diarrhea, a role for the 
immune system of the host can not be excluded. 
A number of cytokines are activated in host cells 
in the presence of Campylobacter antigens 
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(Mellitis et al, 2002; Jones et al, 2003). That 
asymptomatic colonization of chickens, which 
occurs together with induced apoptosis of lym- 
phocytes, further suggests a role of active lym- 
phocytes in symptomatic human colonization 
(Zhu et al, 1999). 

Human Disease Caused by C. fetus 

Campylobacter fetus subsp. fetus infections in 
man have been well documented (Blaser, 1998). 
Infection is usually associated with systemic dis- 
ease and is often reported in immunocompro- 
mised individuals. Clinical presentations include 
diarrhea, bacteremia, endocarditis, meningitis, 
arthritis, peritonitis, cellulitis, prosthetic infec- 
tions, and even abortion (Blaser, 1998). The 
pathology of abortion resembles that previously 
observed in sheep (Simor et al., 1986). The recent 
development of a model of ovine abortion has 
enabled some understanding of the pathogenic 
mechanisms involved in systemic infections 
(Grogono-Thomas et al., 2000). Oral ingestion 
probably results in colonization of the intestinal 
tract, and if the organisms invade, portal bacter- 
emia may result. In normal hosts, phagocytosis 
of the bacteria by the reticuloendothelial system 
in the liver may result in transient bacteremia. 
Immunocompromised individuals may be unable 
to prevent systemic bacteremia, which may lead 
to sepsis or the seeding of distant foci to produce 
at a secondary site disease that is often associ- 
ated with a high mortality rate (Skirrow, 1990). 
Some have speculated that an ageing population 
combined with a global Acquired Immune Defi- 
ciency Syndrome epidemic could precipitate an 
increased incidence of C. fetus subsp. fetus infec- 
tions (Blaser, 1998). 

Bovine Infertility and Abortion 

Campylobacter fetus subsp. venerealis is the 
causal agent of bovine venereal campylobacteri- 
osis. The organism asymptomatically colonizes 
the epithelial crypts of the penis and prepuce of 
bulls. Infection is transferred to cows at coitus, 
where the primary sites of infection are the uter- 
ine glands. Mild endometritis results in infertility. 
Abortion can occur and usually happens in the 
fifth or sixth month of gestation. Infection is usu- 
ally cleared from the uterine tubes and uterus 
presumably by the host immune response, but 
the organism can persist in the vagina for several 
years, during which time a new bull could be 
infected (Osburn and Hoskins, 1970; Corbeil et 
al., 1981). Unlike C. fetus subsp. venerealis, C. 
fetus subsp. fetus is commonly isolated from the 
bovine gut (Atabay and Corry, 1998). If bacter- 
emia follows ingestion of C. fetus subsp fetus dur- 
ing the last three months of pregnancy, then 



abortion may follow; however, the organism is 
not venereally transmitted. 

Ovine Abortion 

Ovine abortion is a consequence of bacteremia 
following ingestion of material contaminated 
with C. fetus subsp. fetus during the last three 
months of pregnancy. Pathologic changes are 
limited to the uterus and its contents. The pla- 
centa is not retained, which is in contrast to cat- 
tle. Many of the pathological changes associated 
with C. fetus infection are not distinctive. How- 
ever, the presence of pale necrotic foci in the 
enlarged and hemorrhagic livers of aborted 
fetuses is indicative (Gilmour, 1991; Grogono- 
Thomas et al., 2000). Extensive edema is often 
seen in the uterus, placentomes and chorion. 

Pathogenicity of C. fetus 

Myers et al. (1970) described the only well- 
defined virulence factor of C. fetus as a “rather 
loosely attached capsular envelope protein.” 
This material has been characterized as a micro- 
capsular protein existing in a complex with EPS 
(Pei et al., 1988). Recently this microcapsule has 
been shown to be a paracrystalline S-layer. 
The S-layer proteins confer serum-resistance by 
inhibiting binding of complement (C3b) to the 
cell surface, preventing the formation of the ter- 
minal C5-C9 membrane attack complex, and 
opsonization via the C3b cellular receptors 
(Blaser et al., 1988). Moreover, the S-layer cov- 
ers the underlying immunogenic EPS layer (Fogg 
et al., 1990), rendering it inaccessible or unde- 
tectable by the host. These proteins are essential 
for the induction of ovine abortion (Grogono- 
Thomas et al., 2000). 

The S-layer proteins are products of surface 
array protein (sap) genes. The sap locus appar- 
ently contains eight homologues (sapA, A1-A7) 
in type A strains and a parallel family in type B 
strains (Tummuru and Blaser, 1992; Fujita et al., 
1995b). A single promotor that is invertible 
between flanking sap genes regulates sap gene 
expression (Tummuru and Blaser, 1992). Tlie sap 
gene cassettes rearrange around this promotor 
by RecA-dependent reciprocal recombination, 
resulting in alternate expression (Dworkin 
and Blaser, 1996; Dworkin and Blaser, 1997a, 
1997b). However, RecA-independent recombi- 
nation can also occur (Ray et al., 2000). 

The eight homologues of the sap gene appear 
to encode proteins of three different apparent 
molecular masses (97, 127 and 149 kDa) but with 
different antigenicities (Dubreuil et al., 1990; 
Wang et al., 1993). Experimental infections in 
sheep indicate that this variation occurs in vivo 
with time (Grogono-Thomas et al., 2000) and 
delays the onset of host immune response. Such 
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antigenic variation may provide a bacterial 
mechanism for survival in an immunologically 
hostile host environment and enable chronic 
infection. 

Genetics 

The complete genome of strain C jejuni subsp. 
jejuni 11168 has been sequenced (Parkhill et al, 

2000) . Within the genome 1654 open reading 
frames (ORFs), 3 rRNA loci and 54 tRNA’s were 
identified. Two regions with relatively low G+C 
content encoded genes for lipo-oligosaccharide 
(LOS) and extracellular polysaccharide (EP) 
biosynthesis clusters, respectively. A surprising 
finding was the presence of 23 polymorphic 
homonucleotide repeats (mainly G or C tracts) 
that varied in length within a locus. These inter- 
rupted ORFs in 14 cases and fused (or sepa- 
rated) 2 ORFs in 6 cases. Many of these 
hypervariable sites cluster in regions containing 
genes responsible for LOS biosynthesis, EP bio- 
synthesis, and fiagellar modification (Parkhill et 
al., 2000). Such hypervariable regions have since 
been detected experimentally in other strains of 
C. jejuni (Wassenaar et al., 2002). 

The elucidation of the genome sequence has 
allowed the construction of C. yeyw/rZ-specific 
microarrays, printed either with complete ORFs 
(produced by gene-specific PCR; Pearson et al., 
2003; Stinzi, 2003) or with the shot-gun clones 
used for the sequence analysis (Dorrell et al., 

2001 ) . 

Unfortunately, the strain (NCTC11168) used 
for the genome sequence has an unusual pheno- 
type in that it is nonmotile, has a straight and not 
a curved bacterial morphology, is poorly inva- 
sive, and has a low colonization capacity in chick- 
ens. Meanwhile, variants of this strain have been 
characterized that have a more typical pheno- 
type (Carrillo et al., 2004; Gaynor et al., 2004). 
Transcriptome comparison of the original isolate 
and the genome sequence variant (Gaynor et al., 
2004) has shown that metabolic adaptation 
to increased oxygen tension contributes to the 
changed phenotype, including differences in 
colonization potential, possibly in combination 
with mutations in sigma factors. Similar studies 
using two other variants indicate that the 
fiagellar regulatory system of the sequenced 
variant of 11168 may be impaired (Carrillo et al., 
2004). 

The genome sequence indicated a relatively 
low number of operons in which banking genes 
are involved in similar processes. Compared to 
other microbial genomes, that of C. jejuni seems 
more scrambled, although operons are not com- 
pletely absent. The presence of only three sigma 
factors and few regulatory proteins makes co- 



ordinate gene expression a subject of interest. 
Gene expression during the transition of growth 
from 37°C to 42°C was investigated by micro- 
array analysis (Stinzi, 2003). A transient global 
change in expression was detected for 20% of the 
genes. Although either temperature is permis- 
sive, a temporary down regulation of ribosomal 
genes, and an upregulation of chaperonins, sug- 
gests a temporary halt in growth. Interestingly, 
expression of genes involved in membrane 
structure displayed temperature-specific activity 
(Stinzi, 2003). 

Previous laboratory observations that few 
Campylobacter genes are expressed well in E. 
coli and vice versa can be explained by the find- 
ing of an atypical -35 promoter region in front 
of C. jejuni genes (Peterson et al., 2003). The 
absence of this C. jejuni-^pQcifvc promoter 
sequence in front of many genes with an inter- 
genic upstream region <100 bp suggests that 
operon transcription may not be uncommon. 
However, such co-expressed genes may not have 
putative roles in common biochemical pathways 
as in E. coli. 

With the first genome sequence available, the 
search has begun to identify the gene set charac- 
teristic of all isolates within the species C. jejuni 
(core gene complement) rather than genes that 
are more or less strain-specific. DNA micro 
arrays are now being extensively used to com- 
pare the genetic content of many strains (Dorrell 
et al., 2001; Pearson et al., 2003). These investi- 
gations suggest that at least 15% of the gene 
content can vary between strains, notably genes 
encoding surface structures. However, genes not 
present on the arrays, which still largely comprise 
the gene complement of strain 11168, cannot 
be detected. In contrast, the technique of sub- 
tractive hybridization can be used for strain 
comparison (Ahmed et al., 2002) and has been 
successfully used to identify novel genes in 
C. jejuni. The genome of C. jejuni RM1221, a 
strain with a more typical phenotype, is currently 
being annotated and will become available in 
future. 
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Historical Background 

Spiral-shaped bacteria were first seen in human 
gastric mucosa early in the twentieth century 
(Krienitz, 1906) and were subsequently de- 
scribed by several investigators (reviewed in 
Marshall, 1989). Similar organisms were also 
seen in the gastric mucosa of dogs, cats and a 
variety of other animals (Rappin, 1881; Bizzoz- 
ero, 1892; Salomon, 1896; Lim, 1920; Doenges, 
1939). The significance of these organisms 
was alternately debated and forgotten until Mar- 
shall and Warren isolated a Gram-negative, 
microaerophilic bacterium from human gastric 
biopsies and proposed that the organism may be 
the cause of chronic gastritis and peptic ulcer 
disease (Marshall and Warren, 1984a). The bac- 
terium was thought originally to be a member of 
the genus Campylobacter and named ‘‘Campy- 
lobacter pyloridisC later corrected to “Campylo- 
bacter pyloric Subsequent 16S rRNA sequence 
analysis showed that the distance between the 
true Campylobacters and C. pylori was sufficient 
to exclude it from the Campylobacter genus 
(Romaniuk et al., 1987), and it was renamed 
“Helicobacter pylorC (Goodwin et al., 1989a), 
the first member of the new genus Helicobacter. 



Description of the 
Helicobacter Genus 

The Helicobacter genus consists of a group of 
organisms that colonize the mucus layer covering 
the epithelial surface of the gastrointestinal tract 
of humans and a variety of animal species. There 
are currently 6 validated Helicobacter species 
isolated from gastric tissue (Tables 1 and 3) and 
16 validated enterohepatic species (Tables 2 and 
3). Some Helicobacter species may be commonly 
{Helicobacter aurati) or occasionally {Helico- 
bacter bilis and Helicobacter muridarum) iso- 
lated from both gastric and enterohepatic sites. 
There is, in addition, a growing list of candidate 
and unvalidated species (Tables 4 and 5). 



Cellular Morphology and Ultrastructure 

In general, Helicobacter spp. are spiral/helical- 
shaped, although variant forms include short or 
tapered rods, and they are motile by means of 
fiagella (Fig. 1). These characteristics are thought 
to be advantageous for survival in their niche of 
gastrointestinal mucus. Ultrastructural studies 
reveal bacteria with a typical Gram-negative cell 
wall structure, i.e., outer and inner membranes 
separated by a 30-nm periplasmic space and a 
dense cytoplasm containing nucleoid material 
and ribosomes (Fig. 2). Electron-lucent areas 
and a “polar membrane,” an additional electron- 
dense band 6-8 nm thick located 20 nm below 
the plasma membrane, are often seen at the ter- 
minal region of organisms (Lee and O’Rourke, 
1993a; Figs. 2A, C-E). A similar membrane has 
been seen in other spiral-shaped bacteria, where 
it has been found to be an assembly of ATPase 
molecules and, as such, has been implicated in 
energy production for motility or cell wall syn- 
thesis (Murray and Birch- Andersen, 1963; Ferris 
et al., 1984; Brock and Murray, 1988). Such a 
membrane was not seen in H. mustela; instead, 
O’Rourke et al. identified a large electron dense 
area, 80 x 100 nm, adjacent to or below the fia- 
gella insertion point, and proposed this may per- 
form a similar function to the polar membrane 
seen in the other helicobacters (O’Rourke et al., 
1992; Fig. 2B). Another feature associated with 
energy supply for these organisms is intracellular 
granules, which in several instances have been 
identified as polyphosphate (Bode et al., 1993; 
Fig. 2F). 

A number of cell surface structures have been 
identified on H. pylori, including urease (Bode 
et al., 1989; Hawtin et al., 1990), a GroEL 
homolog (Hp60K; Austin et al., 1992), and outer 
membrane proteins, including lipopolysaccha- 
ride, porins and proteins of unknown function 
(Doig and Trust, 1994). Electron microscopic 
studies have also revealed that the structure of 
the vacuolating cytotoxin (VacA) of H. pylori 
resembles that of the A-B toxins seen in a num- 
ber of other bacteria (Lupetti et al., 1996; Cover 
et al., 1997). 
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Table 1. Gastric Helicobacter taxa. 



Taxon 


Natural host 


Strain/clone 


GenBank 16S rRNA accession no. 


References 


H. acinonychis 


Cheetah 


ATCC 51101’' 


M88148 


Eaton et al., 1993 


H. bizzozeronii 


Dog 


CCUG 35545’ 


Y09404 


Hanninen et al., 1996 


H felis 


Cat, dog 


ATCC 49179’ 


M37642 


Paster et al., 1991 


H. mustelae 


Ferret 


ATCC 43772’ 


M35048 


Fox et al., 1988 
Goodwin et al., 1989 


H. nemestrinae^ 


Pigtailed macaque 


ATCC 49396’ 


X67854 


Bronsdon et al., 1991 


H. pylori 


Human, rhesus macaque 


ATCC 43505’ 


M88157 


Goodwin et al., 1989 


H. salomonis 


Dog 


CCUG 37845’ 


U89351 


Jalava et al., 1997 



Abbreviations: ATCC, American Type Culture Collection; type strain; and CCUG, Culture Collection, University of 
Goteborg, Dept, of Clinical Bacteriology, Goteborg, Sweden. 

nemestrinae has now been classified as a junior heterotypic synonym of H. pylori (see text; Suerbaum et al., 2002). 



Table 2. Enterohepatic Helicobacter taxa. 



Taxon 


Natural host 


Strain 


GenBank 16S rRNA 
accession no. 


References 


H. aurati 


Hamster 


ATCC BAA-1’ 


AF297868 


Patterson et al., 2000 


H. bilis 


Mice, dog, and human 


ATCC 51630’ 


U18766 


Fox et al., 1995 


H. canadensis 


Human 


ATCC 700968’ 


AF262037 


Fox et al., 2000 


H. canis 


Dog, human 


ATCC 51401’ 


L13464 


Stanley et al., 1993 


H. cholecystus 


Hamster 


ATCC 700242’ 


U46129 


Franklin et al., 1996 


H. cinaedi 


Human, hamster, and 
rhesus monkey 


CCUG 18818’ 


M88150 


Totten et al., 1985 
Vandamme et al., 1991 


H. fennelliae 


Human 


ATCC 35684’ 


M88154 


Totten et al., 1985 
Vandamme et al., 1991 


H. ganmani 


Mice 


CCUG 43526’ 


AF000221 


Robertson et al., 2001 


H. hepaticus 


Mice 


ATCC 51448’ 


U07574 


Fox et al., 1994 


H. mesocricetorum 


Hamster 


ATCC 700932’ 


AF072471 


Simmons et al., 2000 


H. muridarum 


Mice, rat 


ATCC 49282’ 


M80205 


Lee et al., 1992 


H. pametensis 


Bird, swine 


ATCC 51478’ 


M88147 


Dewhirst et al., 1994 


H. pullorum 


Chicken, human 


ATCC 51801’ 


L36141 


Stanley et al., 1994 


H. rodentium 


Mice 


ATCC 700285’ 


U96296 


Shen et al., 1997 


H. trogontum 


Rat 


ATCC 700114’ 


U65103 


Mendes et al., 1996 


H. typhlonius 


Mice 


MU96-1’ 


AF061104 


Fox et al., 1999 
Franklin et al., 1999 



Abbreviations: Please refer to footnote in Table 1. 



All helicobacters possess flagella, which in 
most cases are sheathed, with configurations 
ranging from single polar flagella to bipolar tufts 
of up to 20 flagella. The flagella of H. pylori are 
30 nm in diameter with an internal filament 
(~12 nm in diameter) surrounded by a sheath 
whose outer membrane is continuous with the 
outer membrane of the cell (Goodwin et al, 
1985; Jones et al, 1985). Periplasmic fibers, 
located just below the outer membrane in the 
periplasmic space, have been reported in a num- 
ber of Helicobacter species (On et al., 2002). 
They are distinct from the flagella and have a 
striated appearance due to electron dense 
banding. It has been suggested they are contrac- 
tile proteins involved in motility (Lee and 
O’Rourke, 1993a). 



Methods for Distinguishing 
Helicobacter Species 

Classical Phenotypic Characteristics 

General biochemical reactivity, morphology and 
growth characteristics are listed in Tables 3 and 
5. The basic biochemical tests used for the iden- 
tification and differentiation of all Campylo- 
bacter-like organisms are generally used to 
identify Helicobacter strains. The lack of applica- 
tion of highly standardized procedures and the 
well-known biochemical inertness of Campylo- 
bacter-like organisms render biochemical identi- 
fication of all of these bacteria very difficult. 
There are no biochemical characteristics to 
separate members of the genus Helicobacter 



Table 3. Characteristics of cultivated and validated Helicobacter species. 
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‘Unpublished data suggest that H. nemestrinae may be identical to H. pylori (see text). 
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Table 4. Candidate and unvalidated taxa. 



Taxon 


Natural host 


Strain/clone 


GenBank 
16S rRNA 
accession no. 


References 


''Candidatus Helicobacter bovis” 


Cattle 


Clone R2XA 


AF127027 


DeGroote et al., 1999b 


"Helicobacter sp.” 










Bird-B 


Terns 


CCUG 29256 


M88139 


Seymour et al., 1994 


Bird-C 


House sparrow 


CCUG 29261 


M88144 




"Helicobacter sp. CLO-3” 


Human 


CCUG 14564 


M88151 


Fennell et al., 1984 


"H. colifelis” 


Cat 


NA 


AF142062 


Foley et al., 1998 


"Helicobacter sp. Cotton-top” 


Cotton-top tamarin 


MIT 97-6194-5 


AF107494 


Saunders et al., 1999 


"Helicobacter cetorum'' 


Dolphin 


MIT 99-5657 


AF292377 


Harper et al., 2000 


"Helicobacter sp. flexispira” 


Sheep, dog, human. 


ATCC 43966 


M88137 


Dewhirst et al., 2000 


(taxon 5) 


and mouse 






Hanninen et al., 2001 










Kirkbride et al., 1985 


"H. heilmannir 


Human 








type 1 




Clone GlAl 


L10079 


Solnick et al., 1993 


type 2 




Clone G2A9 


L10080 




"Helicobacter sp. rhesus” 


Rhesus macaque 








type 1 




MIT 99-5501 


AF333338 


Fox et al., 2001 


type 2 




MIT 99-5507 


AF333340 




"Candidatus Helicobacter suis” 


Swine 


Clone V2BXA 


AF127028 


De Groote et al., 1999a 


"H. suncus” 


House musk shrew 


Kaz-1 


AB006147 


Goto et al., 1998 


"H. winghamensis” 


Human 


NLEP 97-1090 


AF246984 


Melito et al., 2001 


"H. muricola” 


Wild mouse 


w-06^ 


AF264783 




"H. marmotae” 


Woodchuck 


MIT 98-6070^ 


AF333341 





Abbreviations: MIT, Massachusetts Institue of Technology; NA, not available; NLEP, National Laboratory for Enteric 
Pathogens; and for all other abbreviations, see footnote in Table 1. 

heilmannir 1 and Candidatus H. suis are probably identical. Bacteria with the 16S rRNA sequence present in 
heUmannir 1 have to date been identified in humans, pigs, and nonhuman primates (O’Rourke et al., 2001a). 



from the genus Campylobacter. (Arcohacter 
strains can be differentiated from Campylo- 
bacters and helicobacters by their ability to grow 
in air and at low temperatures.) Therefore, genus 
level identification is only achieved through the 
identification of strains at the species level. As a 
consequence, one has to differentiate over 35 
validly named species and subspecies and vari- 
ous unnamed taxa. It should be mentioned that 
minimal standards for the description of new 
Helicobacter species have been described (Dew- 
hirst et al., 2000b). These minimal standards out- 
line tests (biochemical tests and others) and test 
procedures that are recommended for the 
description and hence differentiation of helico- 
bacters. 

One of the remarkable features of helico- 
bacters is the extensive variability in cellular 
morphology (see above). It should be empha- 
sized that although morphology may be helpful 
to guide the identification process, many species 
are morphologically indistinguishable. In this 
context it is worth mentioning two morphologi- 
cally defined Helicobacter taxa: '‘Flexispira rap- 
pinC and '‘Gastrospirillum'' The former is a 
provisional name given to Gram-negative, 
microaerobic, motile, spindle-shaped bacteria 
with spiral periplasmic fibers and bipolar tufts of 
sheathed fiagella (see below). Strains with this 



distinctive morphology have been isolated from 
various sources and belong to the genus Helico- 
bacter by phylogenetic analysis. They share their 
unusual morphological features with several 
named Helicobacter species, including H. bilis, 
H. trogontum and H. aurati. Extensive polymor- 
phism in 16S rRNA gene sequences of ‘Hlex- 
ispira rappinC strains and substantial taxonomic 
diversity among strains with this distinctive mor- 
photype have been described (Dewhirst et al., 
2000a). A recent analysis has shown that “E rap- 
pinC phylotypes 1, 4 and 5 represent the same 
species, for which the name ‘'Helicobacter rap- 
pinC has been proposed (Hanninen et al., 2001). 

Similar nomenclatural and taxonomic prob- 
lems exist for the group of gastric bacteria known 
as “gastrospirilla” or “H. heilmannii'' These 
organisms too are primarily characterized by 
their cell morphology (large, tightly coiled rods 
without periplasmic fibers) and such cells have 
been observed in gastric biopsies of many hosts 
including humans, cats, dogs, pigs, monkeys, rats, 
and various captive exotic carnivores. Gastrospi- 
rilla are also characterized by their extremely 
fastidious growth requirements. The uncertainty 
concerning their taxonomic status is a result of 
the inability of investigators to culture the strains 
in vitro. The taxonomy of these gastrospirilla is 
discussed in detail below. 
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Fig. 1. Transmission electron micrographs of thin sections 
of Helicobacter species showing detail of their morphology. 
A) H. pylori: S-shaped with 2-3 turns, B) H. mustelae: 
straight or curved rods with lateral and polar flagella, C) H. 
felis: tight helical shape with 5-7 turns and periplasmic fibers 
entwining the cell singularly or in pairs (arrow), T>) H. muri- 
darum: S-shaped with 2-3 turns and periplasmic fibers 
entwining the whole cell (arrow), and E) “//. heilmannir: 
tight helical shape with 5-7 turns. Bars = 0.5 pm. (Repro- 
duced with permission from Lee and O’Rourke, 1993a.) 



DNA-DNA Hybridization 

Whole-genomic DNA-DNA hybridization is the 
major cornerstone of bacterial species determi- 
nation in current taxonomic practice (Wayne et 
al., 1987). However, the method is not widely 
used because it is not easily implemented. The 
fastidious growth characteristics of many Helico- 
bacter species are a serious hindrance for the 
isolation of sufficient quantities of highly purified 
high-molecular-weight DNA required for these 
hybridization experiments. Therefore, relatively 
few DNA-DNA hybridization studies have been 
performed among Helicobacter species. Signifi- 



cant levels of DNA-DNA hybridization have 
been reported between 1) H. pylori and H. mus- 
telae (Fox et al., 1989); 2) H. cinaedi, H. fennelliae 
and H canis (Stanley et al., 1993); and 3) H. felis, 
H. bizzozeronii and H. salomonis (Jalava et al., 
1997). Most other species have not been included 
in quantitative DNA-DNA hybridization studies. 

Chemotaxonomic Methods 

It is obviously not practical to implement DNA- 
DNA hybridization in a routine laboratory or to 
use it for routine identification in a reference 
laboratory. The need for an alternative but 
equivalent method for species delineation 
prompted researchers in the 1980s and 1990s to 
evaluate the discriminatory power of chemotax- 
onomic methods, including whole-cell protein 
and fatty acid analyses. 

The comparison of whole-cell protein profiles 
obtained by highly standardized sodium dodecyl- 
sulfate polyacrylamide gel electrophoresis (SDS- 
PAGE) has proven to be extremely reliable to 
screen and identify large numbers of strains. 
Numerous studies revealed a correlation 
between high similarity in whole-cell protein 
content and level of DNA-DNA hybridization 
(Vandamme et al., 1996). PAGE of whole-cell 
proteins has been a most successful method for 
the differentiation of helicobacters (Vandamme 
et al., 1990; Vandamme et al., 1991b; Vandamme 
et al., 2000; Costas et al., 1993; van der Ven et al., 
1996; Jalava et al., 1998; Sorlin et al., 1999), and 
strains of all Helicobacter species are readily dis- 
tinguished by means of simple numerical analy- 
sis. However, this method is not appropriate for 
routine identification studies because it is labori- 
ous, time-consuming and technically demanding 
to run the patterns in a sufficiently standardized 
way. 

The total cellular fatty acid methyl ester 
(FAME) composition is a stable parameter, pro- 
vided cells are grown in highly standardized con- 
ditions. The methylated fatty acids are typically 
separated by gas-liquid chromatography, and 
both the occurrence and the relative amounts 
characterize the fatty acid profiles. The proce- 
dure is cheap, rapid, and has reached a high 
degree of automatization as developed by Micro- 
bial Identification Systems (MIS, Newark, Dela- 
ware, United States). Isolates can be identified 
by using libraries supplied by the manufacturer. 
Only a few of the presently known Helicobacter 
species have been included in published FAME 
studies, but the results are very promising (Lam- 
bert et al., 1987; Goodwin et al., 1989b). Helico- 
bacter cinaedi, H. fennelliae, H. pylori, H. 
mustelae and H. nemestrinae were readily distin- 
guished (Lambert et al., 1987; Goodwin et al., 
1989b). 
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Fig. 2. Transmission electron micro- 
graphs of thin sections of Helicobacter 
species showing their cell wall and 
internal appearance. A) H. pylori, B) 
H. mustelae, C) H. muridarum, D) and 
F) H. felis and E) “//. heilmanni” All 
organisms exhibit the typical cell wall 
structure of Gram-negative bacteria 
with a “polar membrane” visible 
(arrow) on those organisms with polar 
flagella only (A, C, D and E). Large 
electron-dense bodies are noted 
beneath the periplasmic membrane, 
near flagella insertion points in H. 
mustelae (B, arrow). An example of 
intracellular granules occasionally 
noted in some preparations is shown 
in F. Bars = 0.1 pm. (Reproduced with 
permission from Lee and O’Rourke 
[1993a] and Fox et al. [1986].) 




Sequence Analysis of the Small 
Subunit rDNA 

Comparison of (near) entire 16S rDNA 
sequences is one of the most powerful proce- 
dures to establish the phylogenetic neighbor- 
hood of an unknown organism. Commercial 
identihcation services based on sequence analy- 
sis of ribosomal RNA genes have become readily 
available. With organisms that are otherwise dif- 
hcult to identify, such as helicobacters, it has 
become common practice to determine the 16S 
rDNA sequence (or a fragment of it) of isolates 
that are of special interest and to compare this 
sequence with sequences available in public 
databases. Many taxonomic studies have 
revealed that this approach is often not sensitive 
enough to identify strains to the species level. 
The reported intraspecies diversity in 16S rDNA 
sequences of Campylobacter hyointestinalis and 
H. cinaedi was up to 4.5% of the total 16S rDNA 
sequence, which is exceptionally high (Har- 
rington and On, 1999; Vandamme et al., 2000). 



Similar diversity was seen among phylotypes 1, 
4 and 5 strains of ‘‘E rappiniC which were shown 
to represent a single species (Hanninen et al., 
2001). In phylogenetic trees, strains of such spe- 
cies may cluster far apart and erroneously sug- 
gest that they represent different species. 

On the other hand, 16S rDNA sequences may 
be too conserved to reveal diversity among spe- 
cies. This has been documented in many groups 
of bacteria. In Helicobacter, this is illustrated by 
comparison of 16S rDNA gene sequences of mul- 
tiple H. felis, H. bizzozeronii and H. salomonis 
strains (Jalava et al., 1997). Although DNA-DNA 
hybridization studies demonstrated unambigu- 
ously that these three taxa represent three distinct 
species, 16S rDNA sequence analysis showed that 
ah three species have virtually identical 16S 
rDNA genes. An example of a phylogenetic tree 
derived from the 16S rDNA sequences of a num- 
ber of the Helicobacter species is shown in Fig. 3. 

It should be clear that identihcation strategies 
by means of whole-cell protein or fatty acid anal- 
ysis, extended biochemical testing, or restriction 
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Fig. 3. Phylogenetic tree for 22 validated Helicobacter spe- 
cies and for provisional species selected on the basis of 16S 
rRNA sequences. Sequences from strains shown in Tables 1 
and 2, and selected sequences from Table 4, were aligned 
with PILEUP and compared with DISTANCES (Wisconsin 
Sequence Analysis Package; Genetics Computer Group). 
Only sequence positions for which data were available for at 
least 90% of strains were included in the analysis {E. coli 
positions 28 to 1473). Intervening sequences were removed 
from H. bills , H. typhlonicus, and Helicobacter sp. Cotton top. 
Percentages of difference were corrected for multiple base 
changes by the method of Jukes and Cantor. The tree was 
constructed from the distances matrix using TREEVIEW 
(Page, 1996). The scale bar represents a 1% difference in 
nucleotide sequence as determined by measuring the lengths 
of horizontal lines connecting any two species. 



profile analysis of polymerase chain reaction 
(PCR) amplicons derived from conserved genes 
(see below) should be considered to endorse ten- 
tative identification results obtained by compar- 
ison of complete 16S rDNA genes. As useful as 
the 16S rDNA sequence analysis method is, 
present data clearly indicate that it cannot be 
regarded as the “gold standard” for species-level 
identification of helicobacters and other epsilon 
Proteobacteria. 

Molecular Diagnostics 

The information content of the rRNA cistrons 
and other genomic information has been used in 



several alternative ways for the identification of 
bacteria by the development of a range of DNA 
or RNA probes and amplification assays. 
Although the overall rDNA sequence similarity 
may be very high, the presence of variable 
regions in 16S or 23S RNA genes can provide the 
basis for specific and sensitive targets for identi- 
fication procedures. 

A range of specific oligonucleotide probes 
and PCR assays have been described for H. 
pylori (On, 1996) and several other Helico- 
bacter species including H. pametensis, the Heli- 
cobacter Bird-B and Bird-C groups, H. felis, H. 
hepaticus, H. pullorum, H. bilis, H. trogontum, 
H. canis, '‘Candidatus H. suis'' and “Candidatus 
H. bovis” (Stanley et al., 1993; Stanley et al., 
1994; Dewhirst et al., 1994; Battles et al., 1995; 
Fox et al., 1995; Fox et al., 1998b; Mendes et al., 
1996a; German! et al., 1997; De Groote et al., 
1999a; De Groote et al., 2000; Roosendaal et 
al., 2000; Shen et al., 2000; Choi et al., 2001; Ge 
et al., 2001). It should be stressed that because 
of the constant developments in the taxonomy 
of Helicobacter, the specificity and sensitivity of 
these probes and PCR assays have not been 
fully evaluated against all species described to 
date. Alternatively, polymorphisms can also be 
revealed by restriction profile analysis of PCR 
amplicons derived from conserved genes such 
as 16S and 23S rRNA genes. Restriction frag- 
ment length polymorphism (RFLP) analysis of 
23S rRNA genes (Hurtado and Owen, 1997) 
was shown to differentiate 13 Helicobacter spe- 
cies (including “F rappinV) but not H. felis, H. 
bizzozeronii and H. salomonis (Jalava et al., 
1999b). RFLP analysis of 16S rRNA genes was 
successfully used by Shen et al. (Shen et al., 
2000; Shen et al., 2001) to differentiate strains 
from 10 enterohepatic species. (‘Hlexispira rap- 
pinr strains could not be differentiated from H. 
bilis strains.) The same workers reported on 
preliminary results of gastric species, indicating 
that the same approach was useful for the dis- 
crimination of some gastric species as well. 
Riley et al. (1996) used a similar approach, but 
amplified a rather small (374 bp) portion of the 
16S rDNA to examine rodent isolates of H. 
hepaticus, H. bilis and H. muridarum. Several 
other studies have focused on rDNA-RFLP 
analysis of clinical isolates, but did not include 
balanced sets of reference strains of established 
Helicobacter species. Recently, O’Rourke et al. 
(2001a) have highlighted the possibility of dif- 
ferentiating between closely related species on 
the basis of analysis of a protein-encoding gene. 
Sequence analysis of a section of the urease 
gene complex enabled these workers to differ- 
entiate between the closely related gastric spe- 
cies H. felis, H. bizzozeronii, H. salomonis and 
“7/. heilmanniir 



CHAPTER 3.5.2 



The Genus Helicobacter 147 



Isolation, Culture and Preservation 

Specimens 

Gastric Helicobacter species are most commonly 
isolated by culture of endoscopic biopsies from 
the antral portion of gastric mucosa. For human 
patients, recent administration of antibiotics, 
including bismuth compounds, will decrease the 
yield of culture. Under conditions of acid sup- 
pression, such as in persons treated with proton 
pump inhibitors or H2 antagonists, H. pylori cul- 
ture may also be less sensitive, and the bacteria 
may be found in larger numbers in the gastric 
corpus. Infection is usually spotty, so several 
biopsies must be obtained for optimal results. 
Cultivation of gastric juice by aspiration or 
through use of the string test (Torres et al., 2001) 
may yield positive results, but usually with lower 
sensitivity. Helicobacter pylori may also be culti- 
vated from other sites within the gastrointestinal 
tract, such as areas of gastric metaplasia in the 
duodenum and occasionally from other sites of 
ectopic gastric mucosa. Recent evidence suggests 
that H. pylori may be found in large numbers in 
vomitus from infected persons, which may serve 
as a route for transmission (Parsonnet et al., 

1999) . Although gastric Helicobacter species 
have typically not been cultivated from feces, 
relative achlorhydria (Fox et al., 1992) and rapid 
transit times may favor positive fecal cultures 
(Parsonnet et al., 1999). Helicobacter pylori has 
occasionally been identified from human liver 
tissue by PCR, with one recent report of a posi- 
tive culture (Nilsson et al., 2000; Queiroz and 
Santos, 2001). 

The lower bowel is the natural reservoir of 
enterohepatic Helicobacter species, which are 
most commonly cultivated from feces or mucosal 
biopsies from the colon or cecum; however, iso- 
lation from liver and gallbladder is also common. 
Occasionally enterohepatic Helicobacter species 
may migrate to the stomach (Lee et al., 1993b) 
or cause bacteremia, particularly in persons 
infected with the human immunodeficiency virus 
or other immunocompromised hosts (Mammen 
et al., 1995; Weir et al., 1999; Cuccherini et al., 

2000 ) . 

Transport and Sample Preparation 

Gastric biopsies may be transported immediately 
to the laboratory with or without media such as 
Stuarts transport medium or brucella broth. 
Phosphate buffered saline is less desirable as a 
transport medium, especially if a delay from 
biopsy to cultivation is expected. Excellent 
recovery of H. pylori can also be obtained from 
gastric biopsies stored without transport medium 
for days to weeks at -20°C or preferably -80°C. 



Biopsies may be plated by direct inoculation 
onto agar plates followed by spreading in the 
conventional manner or by first grinding the tis- 
sue and then plating. Quantitative culture results 
(colony forming units [CFU]/g tissue) can be 
obtained by placing biopsies in preweighed vials 
that contain media, homogenizing the tissue, and 
plating serial dilutions. This method is effective 
for some species such as H. pylori, but not for 
others such as H. felis and many enterohepatic 
species that typically do not form colonies. 
Optimum cultivation of the other gastric 
helicobacters is achieved by placing fresh gastric 
specimens onto moist agar plates as soon as pos- 
sible. Enterohepatic helicobacters are typically 
isolated directly from intestinal mucus or homo- 
genates, fresh fecal slurries, or freshly homoge- 
nized liver tissue. 



Selective and Nonselective Media 

Primary isolation of gastric Helicobacter species 
is generally performed with solid media supple- 
mented with 5-10% horse or sheep blood or with 
bovine calf serum. Brucella or Columbia agar is 
commonly used as the agar base, although brain 
heart infusion (BHI), trypticase soy agar and 
others are also adequate. If blood-free culture 
media are required, agar may be supplemented 
with cyclodextran (Olivieri et al., 1993) or egg 
yolk emulsion (Westblom et al., 1991). Defined 
media have also been developed for cultivation 
of H. pylori (Reynolds and Penn, 1994; 
Albertson et al., 1998), including Hams F-12 
nutrient mixture supplemented with cholesterol 
or cyclodextran (Testerman et al., 2001). Most 
Helicobacter species grow poorly or not at all in 
liquid media, although H. pylori and some others 
can often be adapted to grow in liquid culture. 

The yield from culture of gastric tissue may be 
improved if both selective and nonselective agar 
are used. Commonly used antibiotic supple- 
ments are those of Skirrow (1977) and Dent 
(Dent and McNulty, 1988): 

Skirrows Supplement 



1 Vancomycin 


10 mg/liter 


1 Trimethoprim 


5 mg/liter 


1 Polymyxin B 


2,500 lU/liter 


Dents Supplement 


Vancomycin 


10 mg/liter 


Trimethoprim 


5 mg/liter 


Cefsulodin 


5 mg/liter 


Amphotericin B 


5 mg/liter 



Commercially prepared agar plates are also available 
(BBL, Cockeysville, MD) that contain 10% defibrinated 
whole sheep blood with an antibiotic supplement 
described by Blaser (Blaser et al., 1979) for isolation of 
Campylobacter jejuni. 
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Blasers Supplement 

Cephalothin 
Polymyxin B 
Trimethoprim 
Vancomycin 
Amphotericin B 



15 mg/liter 
2,500 lU/liter 
5 mg/liter 
10 mg/liter 
2 mg/liter 



Enterohepatic Helicobacter species are typi- 
cally isolated using media and antibiotic supple- 
ments similar to those used for isolation of 
gastric helicobacters. When enterohepatic heli- 
cobacters are isolated from feces or cecal 
contents, a slurry is usually inoculated onto a 
0.45- or 0.65-p.m filter that is placed directly onto 
either selective or nonselective agar. The plates 
are incubated for approximately two hours in a 
CO 2 incubator, if possible. The filter is then 
removed and the plates are incubated under the 
appropriate conditions. This same technique is 
also useful for the cultivation of possible novel 
species obtained from either gastric or intestinal 
mucus samples. Preliminary studies suggest that 
the combination of the filtration method with 
nonselective media and high hydrogen concen- 
tration may improve the recovery of fastidious 
helicobacters from stool (Lastovica and le Roux, 
2000a; Lastovica and Skirrow, 2000b). 



Growth Conditions 

Nearly all Helicobacter species are microaerobic, 
exhibiting growth in 3-7% O 2 . No growth is 
observed under aerobic conditions, although 
occasional species will grow in anaerobic as well 
as microaerobic conditions (Fox et al., 1994; 
Shen et al., 1997; Robertson et al., 2001). Hydro- 
gen is required for some enterohepatic species 
and may promote growth of others, sometimes 
in a strain-dependent fashion. For example, 
isolates originally described as ‘‘Helicobacter 
westmeadir were subsequently identified as 
hydrogen-requiring Helicobacter cinaedi (Van- 
damme et al., 2000). Many laboratories routinely 
use anaerobic jars with commercial gas generat- 
ing envelopes (CampyPak Plus, Becton Dickin- 
son, Cockeysville, MD; Campylobacter Gas 
Generating Kits, Oxoid, Basingstoke, United 
Kingdom) for culture of helicobacters. After 
primary isolation, some helicobacters can be 
adapted to grow in 5-10% CO 2 , although this is 
not usually reliable for primary culture and is not 
effective for all species. 

The majority of the Helicobacter species are 
fastidious with respect to isolation and cultiva- 
tion and require freshly poured plates incubated 
with lids uppermost to maintain a moist environ- 
ment. Helicobacter pylori is less demanding in 
this regard than many of the other species. A 
high degree of humidity during incubation, 
obtained by placing wet paper towel in anaerobe 
jars or by setting CO 2 incubators to run at 95% 



humidity, is often essential for culture of many 
different species. Culture is routinely performed 
at 37°C. 

Identification 

Helicobacter species grow as small (0.5-2 mm) 
translucent colonies or as a thin watery film, 
which typically appear after 3-7 or occasionally 
up to 10 days of incubation. Organisms are 
Gram-negative and often pleomorphic. After 
prolonged incubation, most helicobacters 

assume a coccoid morphology, the significance of 
which remains controversial (Cellini et al., 1994; 
Eaton et al., 1995; Kusters et al., 1997; Nilsson et 
al., 2002). Routine identification of many Helico- 
bacter species relies on their positive tests for 
urease, catalase, and oxidase, although many 
enterohepatic species are urease negative. As 
discussed above, definitive identification 

requires a polyphasic approach to taxonomy, but 
there is an obvious role for molecular diagnostic 
tests provided their specificity and sensitivity 
have been evaluated using balanced and well- 
chosen sets of reference strains. 16S rRNA 
sequence analysis may be insufficiently sensitive 
to distinguish different species, while in other 
cases it may exaggerate differences that are not 
confirmed by other methods. 

Preservation 

Helicobacter species can be preserved in brucella 
broth with 20% (vol/vol) glycerol at -80°C. 



Gastric Helicobacter Species 

Validated gastric Helicobacter taxa are listed in 
Table 2, along with the type strain and GenBank 
16S rRNA accession number. Characteristics of 
cultivated and validated gastric Helicobacter spe- 
cies are shown in Table 3. 

Helicobacter pylori 

Helicobacter pylori was initially isolated from the 
gastric mucosa of humans presenting with dys- 
pepsia (Marshall et al., 1984b; Goodwin et al., 
1989a). Helicbacter pylori has also been detected 
in certain primate species, particularly rhesus 
monkeys (Dubois et al., 1994; Solnick et al., 
1996), in sheep (Dore et al., 2001) and in a closed 
colony of barrier-maintained cats (Handt et al., 
1994). Morphologically the bacterial cells are 
curved to S-shaped rods, 0.5 qm x 2.5-5 qm (Fig. 
4). They are motile by means of 4-8 unipolar or 
bipolar, sheathed fiagella. The bacteria grow as 
small, translucent colonies (1-2 mm) or a spread- 
ing film with increased periods of incubation. 
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Fig. 4. Field emission scanning electron micrograph of a crit- 
ical point dried preparation of Helicobacter pylori showing 
its S-shaped morphology and bipolar, sheathed flagella. Bar 
= 0.5 pm. (Micrograph courtesy of L.Thompson, University 
of New South Wales, Sydney, Australia). 



Optimum growth is obtained under microaero- 
bic conditions at 37°C with no growth obtained 
at 42°C or under anaerobic conditions. For pri- 
mary isolation, 4-5 days of incubation are 
required, which can be reduced to 2 days for 
subsequent subculture. 

All strains have been reported to be urease, 
catalase and oxidase positive. They do not 
reduce nitrate and do not hydrolyze indoxyl 
acetate or hippurate. Activities for y-glutamyl 
transpeptidase, leucine arylamidase, and alkaline 
phosphatase are present. Helicobacter pylori is 
sensitive to 1% glycine, 1.5% NaCl, and cephal- 
othin. It is resistant to nalidixic acid, with vari- 
able resistance to metronidazole. The G+C 
content is 39 mol%. The major fatty acid of H. 
pylori is Ci 4 ;o with smaller amounts of Ci8;o, Cis-.i 
and Ci 9 ;o cyclic, and the major isoprenoid is MK- 
6 (Goodwin et al., 1989b; Moss et al., 1990). Heli- 
cobacter pylori was originally thought to be 
asaccharolytic, on the basis of data obtained 
using standard methods to detect carbohydrate 
metabolism; however, recently it has been shown 
to utilize glucose via the pentose phosphate and 
Entner-Doudoroff pathways. Glycolysis is also 
utilized with fermentation of glucose, possibly 
leading to the production of mixed acid products 
or the provision of metabolites for the Krebs 
cycle (Mendz et al., 1993; Mendz et al., 1994; 



Chalk et al., 1994). Helicobacter pylori also has 
a requirement for amino acids whose deamina- 
tion could lead to the production of nitrogen, 
carbon and energy for the cell (Nedenskov, 1994; 
Reynolds and Penn, 1994). Features of both aer- 
obic and anaerobic respiration have been 
reported (Hazell and Mendz, 1997). 

The complete DNA sequences of two H. pylori 
strains have been published (Tomb et al., 1997; 
Aim et al., 1999). Helicobacter pylori 26695 has 
a single, circular chromosome of 1,667,867 bp 
with 1,590 predicted coding regions, of which 
1,091 match known database entries (Tomb et 
al., 1997). Comparison of the two sequenced 
genomes revealed that the overall genomic orga- 
nization and predicted proteins were quite simi- 
lar, although a group of genes (about 7%) in one 
hypervariable region was unique to each strain 
(Aim et al., 1999). This relative similarity 
between these two sequenced strains was in con- 
trast to previous studies employing pulse field gel 
electrophoresis (PFEG; Taylor et al., 1992), ran- 
dom amplified polymorphic DNA (RAPD) PCR 
(Akopyanz et al., 1992a), restriction fragment 
length polymorphism (RFLP; Akopyanz et al., 
1992b), and multilocus electrophoresis (Go et 
al., 1996), all of which showed a high degree of 
genomic variability among strains. Recently, a 
whole-genome microarray analysis showed that 
22% of the genes present in H. pylori 26695 and 
J99 were absent in one or more of 15 clinical 
isolates (Salama et al., 2000). This is consistent 
with marked genetic heterogeneity among H. 
pylori isolates and suggests a panmictic popula- 
tion structure (Suerbaum et al., 1998). Approxi- 
mately 50% of H. pylori strains harbor cryptic 
plasmids that range in size from 3.5->148 kb 
(Tjia et al., 1987; Graham et al., 1988; Penfold 
et al., 1988). 

Helicobacter mustelae 

Helicobacter mustelae was isolated from the gas- 
tric mucosa of ferrets (Fox et al., 1986; Goodwin 
et al., 1989a). Morphologically the bacterial cells 
are small rods, 0.5-1 pm x 2-5 pm (Fig. 5). They 
are motile by means of bipolar and lateral 
sheathed flagella. The bacteria grow as small 
(1-2 mm), translucent colonies or as a spreading 
film under microaerobic conditions at 37° C. 
Growth also occurs at 42°C and under anaerobic 
conditions. For primary isolation, 3-5 days of 
incubation are required, which can be reduced to 
2 days for subsequent subculture. 

All strains have been reported to be urease, 
catalase and oxidase positive. They are able to 
reduce nitrate, hydrolyze indoxyl acetate, but not 
hippurate, and have no activity for leucine aryla- 
midase. Helicobacter mustelae is sensitive to 
1.5% NaCl, metronidazole, and nalidixic acid 
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Fig. 5. Transmission electron micrograph of a negatively 
stained preparation of Helicobacter mustelae showing its 
short rod shape with lateral and polar flagella. Bar = 0.4 pm. 



and resistant to cephalothin and 5-fluorouracil. 
There is variable growth on media containing 
1% glycine. Helicobacter mustelae has a G+C 
content of 36 mol%. The major fatty acid of H. 
mustelae is Ci6;o with small amounts of Cu,q, Cisn 
and Ci 9 ;o cyclic. 

The genome size of H. mustelae is approxi- 
mately 1.7 Mb (Taylor et al., 1994), which is very 
similar to that of H. pylori. In contrast to the 
marked heterogeneity among H. pylori strains, 
there is significant genomic conservation among 
isolates of H. mustelae (Morgan and Owen, 1990; 
Taylor et al., 1994). 

Helicobacter felis 

Helicobacter felis was isolated from the gastric 
mucosa of cats and dogs (Lee et al., 1988; Paster 
et al., 1991). Morphologically the bacterial cells 
are tightly coiled helical rods (0.4 pm x 5-7.5 pm; 
Fig. 6). Most strains are surrounded by periplas- 
mic fibers, in pairs, triplets or singly. They have a 
rapid corkscrew-like motility by means of bipo- 
lar tuffs of sheathed flagella. The bacteria grow 
as a thin, spreading nonhemolytic film, occasion- 
ally with pinpoint colonies. Optimum growth is 




Fig. 6. Field emission scanning electron micrograph of a crit- 
ical point dried preparation of Helicobacter felis showing its 
tight helical morphology with bipolar tufts of flagella and 
periplasmic fibers entwining the cell in pairs. Bar = 0.7 pm. 
(Micrograph courtesy of L. Thompson, University of New 
South Wales, Sydney, Australia). 



obtained under microaerobic conditions at 37°C, 
with growth also possible at 42°C and under 
anaerobic conditions. For primary isolation, 3-5 
days of incubation are required, which can be 
reduced to 2 days for subsequent subculture. 

All strains have been reported to be urease, 
catalase and oxidase positive. They are able to 
reduce nitrate but not TTC (2,3,5-triphenyltetra- 
zolium chloride), do not hydrolyze indoxyl 
acetate or hippurate, and exhibit activities for 
y-glutamyl transpeptidase, alkaline phosphatase, 
arginine aminopeptidase, leucine aminopepti- 
dase and histidine aminopeptidase. Helicobacter 
felis is sensitive to 1% bile, 1% glycine, 1.5% 
NaCl, metronidazole, cephalothin, erythromycin 
and ampicillin and is resistant to nalidixic acid 
and 5-fluorouracil. 

Genetically, H. felis forms a very tight cluster 
with H. bizzozeronii, H. salomonis, “Candidatus 
Helicobacter suis” and “7/. heilmannii'' These 
organisms show greater than 97% sequence sim- 
ilarity in their 16S rRNA genes, although further 
discrimination is hampered by the inability to 
culture “77. heilmannir and ‘‘Candidatus Helico- 
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bacter suis” in vitro. Helicobacter felis, H. biz- 
zozeronii and H. salomonis can be differentiated 
by morphology, protein profiling, and DNA- 
DNA hybridization assay (Jalava et al, 1998) but 
not by biochemical testing or 23S rRNA RFLP 
analysis (Jalava et al., 1999b). Strains of H. felis 
have been shown by various techniques (pulsed 
field gel electrophoresis [PFGE], plasmid profil- 
ing and ribotyping) to be heterogeneous with no 
association to host species or country of origin 
(Jalava et al., 1999a). Helicobacter felis has a 
genome size of 1.6 Mb and G+C content of 42.5 
mol%. Most strains have multiple plasmids, 
ranging from 2 kb to more than 16 kb. 

Helicobacter acinonychis 

Helicobacter acinonychis (formerly H. acinonyx) 
was isolated from the gastric mucosa of cheetahs 
{Acinonyx jubilatus) and tigers (Eaton et al., 
1993a; Schroder et al., 1998). Morphologically it 
is a small spiral rod (0.3 qm x 1.5-2 pm; Fig. 7). 
The bacteria are motile and possess 2-5 unipolar, 
sheathed flagella. Primary culture was per- 
formed by blind subculture for 3 days after an 
initial 4-5 days of incubation (Eaton et al., 
1993a). Helicobacter acinonychis will not grow 
under anaerobic conditions or at 25 or 42°C. 

All strains have been reported to be urease, 
catalase and oxidase positive. They exhibit activ- 
ities for y-glutamyl transpeptidase and alkaline 
phosphatase but do not reduce nitrate or hydro- 
lyze indoxyl acetate or hippurate. Helicobacter 
acinonychis is sensitive to 1% glycine, 1.5% 
NaCl, metronidazole and cephalothin but is 
resistant to nalidixic acid. Helicobacter acinony- 
chis appears to be most closely related to H. 
pylori by analysis of protein profiles and 




Fig. 7. Transmission electron micrograph of a negatively 
stained preparation of Helicobacter acinonychis showing its 
S-shaped morphology with a tuft of polar, sheathed flagella. 
Bar = 0.5 pm. (Reproduced with permission from Eaton 
et al., 1993a.) 



sequencing of 16S rRNA genes; however, H. aci- 
nonychis has a lower G-fC content (30 mol%) 
than that of H. pylori (39 mol%). 

Helicobacter bizzozeronii 

Helicobacter bizzozeronii was isolated from the 
gastric mucosa of dogs (Hanninen et al., 1996) 
and named in honor of Guilio Bizzozero, who 
provided one of the first descriptions of spiral 
bacteria in the gastric environment (Bizzozero, 
1892). Recently a similar bacterium cultivated 
from a human patient has been identified as H. 
bizzozeronii (Jalava et al., 2001). Morphologi- 
cally the bacterial cells are tight helical rods 
(0.3 qm X 5-10 qm), and they exhibit a rapid 
corkscrew-like motility by means of bipolar tuffs 
of sheathed flagella (Fig. 8). The bacteria grow as 
a thin, spreading nonhemolytic film and do not 
readily form discrete colonies. Optimum growth 
is obtained on fresh, moist brain heart infusion 
(BHI) blood agar under microaerobic conditions 



V" 




Fig. 8. Transmission electron micrograph of a negatively 
stained preparation of Helicobacter bizzozeronii showing its 
tight helical morphology with bipolar tufts of flagella. Bar = 
0.45 pm. (Micrograph courtesy of K. Jalava, University of 
Finland, Helsinki.) 
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at 37°C, with growth also possible at 42°C. For 
primary isolation, 5-10 days of incubation are 
required, which can be reduced to 3-5 days on 
subsequent subculture. 

All strains have been reported to be urease, 
catalase and oxidase positive. They are able to 
reduce nitrate and TTC, can hydrolyze indoxyl 
acetate but not hippurate, and exhibit activities 
for y-glutamyl transpeptidase and alkaline phos- 
phatase. Helicobacter bizzozeronii is sensitive to 
1% bile, 1% glycine, 1.5% NaCl, metronidazole, 
cephalothin and cefoperazone and is resistant to 
nalidixic acid and 5-fluorouracil. 

Helicobacter bizzozeronii shares detectable 
DNA-DNA hybridization levels with H. felis (2- 
30%) and H. salomonis (11-34%) but not with 
H. pylori or H. mustelae. It appears to be heter- 
ogenetic in nature, with different PFGE patterns 
obtained from 15 strains using 5 different 
enzymes (Hanninen and Hirvi, 1999). The 
genome size is 1.6-1. 9 Mb. 

Helicobacter salomonis 

Helicobacter salomonis was isolated from the 
gastric mucosa of dogs (Jalava et al., 1997) and 
named in honor of Hugo Salomon, who initially 
described different morphological types of gas- 
tric bacteria in a variety of animal species 
(Salomon, 1896). The bacterial cells are loosely 
helical or wavy rods (0.8-1.2 pm x 5-7 pm), and 
they exhibit a slow wave-like motility by means 
of bipolar tuffs of sheathed flagella (Fig. 9). The 
bacteria grow as a thin, spreading nonhemolytic 
film and do not readily form discrete colonies. 




Fig. 9. Transmission electron micrograph of a negatively 
stained preparation of Helicobacter salomonis showing its 
undulating S-shaped morphology with bipolar tufts of fla- 
gella. Bar = 1 pm. (Reproduced with permission from Jalava 
et al., 1997.) 



Optimum growth is obtained on fresh, moist 
BHI blood agar under microaerobic conditions 
at 37°C (no strains were able to grow at temper- 
atures >40°C) after 3-6 days for primary isola- 
tion and 2 days for subsequent subculture. 

All strains have been reported to be urease, 
catalase and oxidase positive. They are able to 
reduce nitrate and TTC, can hydrolyze indoxyl 
acetate but not hippurate, and exhibit activities 
for y-glutamyl transpeptidase and alkaline phos- 
phatase. Helicobacter salomonis is sensitive to 
1% bile, 1% glycine, 1.5% NaCl, metronidazole 
(one strain resistant), cephalothin and cefopera- 
zone. Helicobacter salomonis is resistant to nali- 
dixic acid. 

Helicobacter salomonis shares detectable 
DNA-DNA hybridization levels with H. felis 
(26-39%) and H. bizzozeronii (11-34%). In con- 
trast to H. felis and H. bizzozeronii, H. salomonis 
appears to be relatively homogenetic. Testing of 
five strains by PFGE showed diversity in their 
patterns, although common fragments were 
noted with some enzymes (Hanninen and Hirvi, 
1999). The genome size of H. salomonis is 1.7- 
1.8 Mb. 

Helicobacter nemestrinae 

An organism isolated from pig-tailed macaques 
(Macaca nemestrina) reportedly differed from H. 
pylori by virtue of growth at 42°C and its cellular 
fatty acid profile (Bronsdon et al., 1991). DNA- 
DNA hybridization and 16S rRNA studies also 
suggested that this was a novel species, which 
was designated “H. nemestrinae'' TTie G+C con- 
tent was reportedly only 24 mol%, markedly 
lower than that of all other known Helicobacter 
species, which prompted a reappraisal. Sequence 
analysis of seven housekeeping genes and two 
flagellin genes from the single strain of H. nem- 
estrinae (ATCC 49396^) showed that all 
sequences clustered together with those from 
multiple isolates of H. pylori (Suerbaum et al., 
2002). Furthermore, repeat sequence analysis of 
the 16S rRNA gene from H. nemestrinae showed 
that it differed by 38 bp from that previously 
reported and was less than 1% different from 
multiple H. pylori strains. In addition, repeat 
analyses of the G+C content of H. nemestrinae 
type strain yielded a reproducible value of 39 
mol% (P.Vandamme, unpublished observations). 
These results show that the single strain previ- 
ously classified as H. nemestrinae is a junior het- 
erotypic synonym for H. pylori. 

Enterohepatic Helicobacter Species 

Validated enterohepatic Helicobacter taxa are 
listed in Table 2, along with the type strain and 
GenBank 16S rRNA accession number. Charac- 
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teristics of cultivated and validated enterohe- 
patic Helicobacter species are shown in Table 3. 
Helicobacter aurati, which has been isolated 
from both gastric and intestinal sites, has been 
included in Tables 2 and 3. 

Helicobacter cinaedi 

Helicobacter cinaedi has been isolated from rec- 
tal swabs and blood of homosexual men, blood, 
cerebrospinal fluid and feces of adults and chil- 
dren with and without risk factors for human 
immunodeficiency virus (HIV) infection, and 
the intestinal tract of hamsters, cats, dogs and 
foxes (Totten et al., 1985; Vandamme et al, 
1991a; Vandamme et al, 2000; Kiehlbauch et al, 
1995). Asymptomatic captive rhesus monkeys 
(Macaca mulatto) are also commonly infected 
(Fernandez et al, 2002), although sometimes 
infection may be associated with colitis (Fox et 
al., 2001a). The name is derived from the Latin 
word for “homosexuals.” Recent polyphasic tax- 
onomic studies show that ‘'Helicobacter west- 
meadir and Helicobacter sp. strain Mainz are 
correctly identified as H. cinaedi, rather than 
novel species as originally proposed (Vandamme 
et al., 2000). 

Helicobacter cinaedi is an S-shaped rod (0.3- 
0.5 pm X 1.5-5 pm), with rapid motility by means 
of a single sheathed bipolar flagellum. Helico- 
bacter cinaedi may form pinpoint colonies but 
more typically forms a translucent spreading film 
on moist blood agar. All strains are able to grow 
at 37°C under microaerobic but not aerobic or 
anaerobic conditions. Growth at 42° C is variable. 

Strains are oxidase and catalase positive, ure- 
ase negative, and reduce nitrate. They do not 
hydrolyze indoxyl acetate or hippurate, and 
there is little or no alkaline phosphatase activity. 
Helicobacter cinaedi is sensitive to 2% NaCl and 
is variably resistant to nalidixic acid and cephal- 
othin. It is resistant to 1% glycine, 0.04% TTC, 
and trimethoprim. The G+C content is 37-38 
mol%. 

Helicobacter cinaedi is most closely related to 
H. canis (52% DNA:DNA hybridization; Stanley 
et al., 1993) and H. fennelliae (3-10% DNA 
homology; Totten et al., 1985). Ribotyping dis- 
criminates distinct patterns depending upon the 
host source (Kiehlbauch et al., 1995); however, 
high levels of similarity by phenotypic and 
protein-electrophoretypic traits between human 
and dogs strains have been reported (Vandamme 
et al., 2000). 

A recent report indicates that the type strain 
of H. cinaedi held by the American Type Culture 
Collection (ATCC 35683) is mislabeled, since the 
16S rRNA and rpoB sequences from this 
strain are identical to that reported for H. fen- 
nelliae (Kuhnert and Burnens, 2001; On and 



Vandamme, 2001). Until this is clarified, H. 
cinaedi should be ordered from the Culture 
Collection of the University of Goteborg, Dept, 
of Clinical Bacteriology, Goteborg, Sweden 
(CCUG18818^) rather than the ATCC. 

Helicobacter fennelliae 

Helicobacter fennelliae was isolated from rectal 
swabs and blood of homosexual men, blood and 
feces of children with diarrhea, and the intestinal 
tract of hamsters and dogs. The organism was 
named after the technologist who first isolated it, 
C.L. Fennell (Totten et al., 1985; Vandamme et 
al., 1991a; Kiehlbauch et al., 1995). Helicobacter 
fennelliae is an S-shaped rod (0.3-0.5 pm x 1.5- 
5 pm), with rapid motility by means of single, 
sheathed bipolar flagella. Colonies are pinpoint, 
are translucent, may spread on moist blood agar, 
and have a distinctive hypochlorite odor. All 
strains are able to grow at 37°C under microaer- 
obic but not aerobic or anaerobic conditions. 

Growth at 42°C is variable. Hydrogen is 
required for growth. 

Strains are oxidase and catalase positive, 
urease negative and do not reduce nitrate. They 
hydrolyze indoxyl acetate but not hippurate, and 
there is little or no alkaline phosphatase activity. 
Helicobacter fennelliae is sensitive to 2% NaCl, 
metronidazole, cephalothin and nalidixic acid 
and is resistant to 1% glycine, 0.04% TTC, 5- 
fluorouracil, trimethoprim and streptomycin. 
The G-fC content is 37-38 mol%. 

Helicobacter fennelliae is most closely related 
to H. canis (30% DNA homology; Stanley et al., 
1993), H. cinaedi (10-30% DNA homology; 
Totten et al., 1985), and H. pullorum (95.9% 
sequence similarity of 16S rRNA gene; Shen et 
al., 1997). 

Helicobacter muridarum 

Helicobacter muridarum was isolated from the 
intestinal mucosa of rats and mice (Phillips and 
Lee, 1983; Lee et al., 1992). It is a helical rod 
(0.5-0.6 pm X 3.5-5 pm), with 2-3 spirals, exhib- 
iting a rapid, darting motility due to bipolar 
tufts of 10-14 sheathed flagella (Fig. 10). Ultra- 
structurally the cells are characterized by the 
presence of 9-11 periplasmic fibers coiled 
around the protoplasmic cylinder. Bacteria grow 
as a fine spreading translucent film on moist 
blood agar plates after 2-3 days incubation at 
37°C under microaerobic conditions. There is no 
growth at 25 or 42° C or under aerobic or anaer- 
obic conditions. 

All strains are urease, catalase and oxidase 
positive. They do not reduce nitrate or hydrolyze 
hippurate and do exhibit activities for y-glutamyl 
transpeptidase, alkaline phosphatase, arginine 
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Fig. 10. Transmission electron micrograph of a freeze-dried 
preparation of Helicobacter muridarum showing its S-shaped 
morphology with bipolar tufts of flagella and periplasmic 
fibers entwining the cell. Bar = 0.5 pm. (Micrograph courtesy 
of M. Phillips, University of New South Wales, Sydney, 
Australia.) 



aminopeptidase, and leucine aminopeptidase, 
but not histidine aminopeptidase. Helicobacter 
muridarum is sensitive to 2% bile, 1% glycine, 
1.5% NaCl and is resistant to nalidixic acid and 
cephalothin. The G+C content is 34%. Helico- 
bacter muridarum is most closely related to H. 
hepaticus (96.6% sequence similarity of 16S 
rRNA gene). 

Helicobacter canis 

Helicobacter canis was isolated from the feces of 
humans and dogs with diarrhea (Stanley et al., 
1993) and more recently from a colony of diar- 
rheic Bengal cats (Foley et al., 1999). The organ- 
isms are curved rods (0.25 pm x 4 pm), with 
occasional truncated ends (Fig. 11). Cells are 
motile and possess a single sheathed flagellum at 
each end. Colonies are pinpoint, translucent, and 
pigmented after 2 days growth on blood agar. 
Optimum growth occurs at 37°C under microaer- 
obic conditions, with limited growth at 42°C. 

All strains are oxidase positive and catalase 
and urease negative. They hydrolyze indoxyl ace- 
tate but do not reduce nitrate. Activity for alka- 
line phosphatase is detected. Helicobacter canis 
is sensitive to cephalothin and nalidixic acid but 
resistant to 1.5% bile and 5-fluorouracil. The 
G+C content is 48-49 mol%. 

Insertion sequences (of 81-320 bp) have been 
detected in the 16S and 23S rRNA genes of some 
strains (Linton et al., 1994). Genetically H. canis 
shares detectable DNA-DNA hybridization lev- 
els with H. fennelliae and H. cinaedi (30 and 
52%, respectively) and has approximately 98% 
16S rRNA sequence similarity with H. bilis and 
rappinir 





Fig. 11. Transmission electron micro- 
graph of a negatively stained prepara- 
tion of Helicobacter canis showing 
its S-shaped morphology and single, 
bipolar, sheathed flagella. Bar = 1 pm. 
(Reproduced with permission from 
Stanley et al., 1993.) 
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Fig. 12. Transmission electron micrograph of a negatively 
stained preparation of Helicobacter hepaticus showing its S- 
shaped morphology and single, bipolar, sheathed flagella. 
Bar = 0.5 pm. (Reproduced with permission from Fox et al., 
1994.) 




Fig. 13. Transmission electron micrograph of a negatively 
stained preparation of Helicobacter pametensis showing its 
curved rod morphology and single, bipolar, sheathed flagella. 
Bar = 0.3 pm. (Reproduced with permission from Dewhirst 
et al., 1994.) 



Helicobacter hepaticus 

Helicobacter hepaticus was isolated from the 
intestinal mucus and livers of mice (Fox et al, 
1994). It is a Gram-negative, curved to spiral rod 
(0.2-0.3 pm X 1.5-5 pm; Fig. 12). Cells are motile 
and possess a single, bipolar, sheathed flagellum. 
The organism grows as a thin spreading film 
after 3-7 days on blood agar. Optimum growth 
occurs at 37°C under microaerobic conditions, 
with limited growth anaerobically and no growth 
at 42°C. 

All strains are catalase, oxidase, and urease 
positive. They reduce nitrate and hydrolyze 
indoxyl acetate but not hippurate. Helicobacter 
hepaticus is sensitive to metronidazole and resis- 
tant to 1.5% NaCl, 1% glycine, cephalothin and 
nalidixic acid. 

Helicobacter hepaticus is most closely related 
to H. muridarum by 16S rRNA sequence homol- 
ogy. The genomic diversity of H. hepaticus from 
four sources in the United States and three 
sources in Europe was determined by PFGE 
(Saunders et al., 1997). Three of the sites in the 
United States gave similar patterns. However, 
the fourth site and the three sites from Europe 
all gave different patterns, indicating significant 
genomic diversity among H. hepaticus strains. 
Sequencing of the complete H. hepaticus 
genome was recently reported in preliminary 
form (Suerbaum et al., 2001). The genome is 
1.8 Mb with 1,800 open reading frames (ORFs). 
Notably absent were pathogenicity islands and 
orthologs of the H. pylori vacuolating cytotoxin 
(VacA), adhesins, and the Helicobacter outer 
membrane porin (HOP) family (Peck et al., 
2001 ). 



Helicobacter pametensis 

Heliocbacter pametensis was isolated from tern, 
gull and swine feces with the species name 
derived from the origin of the isolates, the Pamet 
River in Truro, Massachusetts (Dewhirst et al., 
1994). The organism is a small curved rod 
(0.4 pm X 1.5 pm), with rounded ends (Fig. 13). 
Cells are motile and possess a single sheathed 
flagellum at each end. The flagella are inserted 
subterminally, and occasional cells have a third 
flagellum adjacent to one of the others. Colonies 
are pinpoint to 0.5 mm in diameter, translucent, 
colorless and weakly hemolytic after 3 days 
growth on blood agar. Optimum growth occurs 
at 37°C under microaerobic conditions, with 
limited growth at 42°C or under anaerobic 
conditions. 

All strains are catalase and oxidase positive 
and urease negative. They reduce nitrate but 
do not hydrolyze hippurate or indoxyl acetate. 
There is activity for alkaline phosphatase and 
arginine (3-naphthylamide aminopeptidase, but 
not y-glutamyl transpeptidase. Helicobacter pam- 
etensis is sensitive to 3.5% NaCl, nalidixic acid, 
and cephalothin, but resistant to 1 % glycine. The 
G+C content is 38 mol%. 



Helicobacter pullorum 

Helicobacter pullorum was isolated from the 
ceca of asymptomatic broiler chickens, the livers 
and intestinal contents of hens exhibiting lesions 
suggestive of vibrionic hepatitis, and feces from 
patients with gastroenteritis (Stanley et al., 
1994). The organism is a gently curved rod (0.3- 
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Fig. 14. Transmission electron micrograph of a negatively 
stained preparation of Helicobacter pullorum showing its 
curved rod morphology and single, monopolar, unsheathed 
flagella. Bar = 0.3 pm. (Reproduced with permission from 
Stanley et al., 1994.) 



0.5 |im X 3-4 |dm), with a single unsheathed polar 
flagellum (Fig. 14). Colonies are pinpoint to 
1 mm in diameter, translucent, watery and 
weakly a-hemolytic after 3 days growth on blood 
agar. All strains grow at 37 and 42°C under 
microaerobic conditions, but not anaerobically. 

All strains are oxidase positive and urease 
negative. Most strains are catalase positive and 
are able to reduce nitrate. They do not hydrolyze 
hippurate or indoxyl acetate, and there is 
no alkaline phosphatase activity. Helicobacter 
pullorum is usually sensitive to 1% glycine, 2% 
NaCl, polymyxin B, and nalidixic acid. It is resis- 
tant to 1% bile, cefoperazone and cephalothin. 
The G+C content is 34-35 mol%. 



Helicobacter trogontum 

Helicobacter trogontum was isolated from the 
colonic mucosa of rats (Mendes et al., 1996b). It 
is a fusiform rod with tapered ends (0.6-0.7 pm 
X 4-6 pm; Fig. 15). It is motile by means of tufts 
of bipolar, sheathed flagella. Ultrastructurally 
the cells are characterized by the presence of 
periplasmic fibers coiled around the protoplas- 
mic cylinder, giving a crisscross appearance to 
the bacterial surface. Bacteria initially grow as 
punctiform colonies and then as a fine spreading 
translucent film on moist blood agar plates after 
3-5 days at 37 or 42°C under microaerobic con- 
ditions. No growth occurs at 25°C or under aer- 
obic or anaerobic conditions. 

All strains are urease, catalase and oxidase 
positive. They reduce nitrate but do not hydro- 
lyze hippurate. Ornithine decarboxylase and y- 
glutamyl transpeptidase activities are present, 
with variable activity for alkaline phosphatase. 
Helicobacter trogontum is resistant to nalidixic 
acid and cephalothin but sensitive to 1 % glycine, 
1.5% NaCl and metronidazole. 




Fig. 15. Transmission electron micrograph of a negatively 
stained preparation of Helicobacter trogontum showing its 
tapered rod morphology with bipolar tufts of sheathed fla- 
gella and periplasmic fibers entwining the cell. Bar = 0.5 pm. 
(Reproduced with permission from Mendes et al., 1996b.) 



Helicobacter bilis 

Helicobacter bilis was isolated from intestinal 
mucosa of mice and the bile and liver of mice 
with hepatitis (Fox et al., 1995). The organism 
has also been isolated from gastric mucosa in 
dogs (Eaton et al., 1996) and from the large 
bowel in a colony of male athymic nude rats 
(Haines et al., 1998). PCR evidence suggests the 
possibility that this bile-resistant Helicobacter 
species may also be associated with human dis- 
eases of the gallbladder (Fox et al., 1998a). Heli- 
cobacter bilis is a fusiform rod with tapered ends 
(0.5 pm X 4-5 pm; Fig. 16). It is motile by means 
of bipolar tufts of sheathed flagella. Ultrastruc- 
turally the cells are characterized by the pres- 
ence of periplasmic fibers coiled around the 
protoplasmic cylinder, giving a crisscross appear- 
ance to the bacterial surface. Bacteria initially 
grow as punctiform colonies and then as a fine 
spreading translucent film on moist blood agar 
plates after 3-5 days at 37°C under microaerobic 
conditions. Microaerophilic growth occurs at 
42°C but not 25°C. 

All strains of H. bilis are urease, catalase and 
oxidase positive. They reduce nitrate but do not 
hydrolyze indoxyl acetate or hippurate. Helico- 
bacter bilis is sensitive to 1.5% NaCl and metron- 
idazole and resistant to 20% bile, 0.04% TTC, 
nalidixic acid and cephalothin. There is variable 
growth in the presence of 1 % glycine. 

Sequencing of the 16S rRNA gene revealed 
the presence of a 187-bp intervening sequence in 
H. bilis. The bacteria most closely related to H. 
bilis are H. canis, H. cinaedi and “7/. rappini'' 

Helicobacter cholecystus 

Helicobacter cholecystus was isolated from the 
gallbladders of Syrian hamsters with cholangio- 
fibrosis and centrilobular pancreatitis (Franklin 
et al., 1996). It is a straight or curved rod (0.5- 
0.6 pm X 3-5 pm; Fig. 17). It is motile by means 
of a single, sheathed, polar flagellum. Colonies 
are pinpoint after 3 days incubation at 37°C 
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Fig. 16. Transmission electron micrograph of a negatively 
stained preparation of Helicobacter bilis showing its curved 
S-shaped morphology with bipolar tufts of sheathed flagella 
and periplasmic fibers entwining the cell. Bar = 0.35 pm. 
(Reproduced with permission from Fox et al., 1995.) 




under microaerobic conditions. Cells are 
also able to grow at 42°C and under anaerobic 
conditions. 

All strains are catalase and oxidase positive 
and urease negative. They reduce nitrate but do 
not hydrolyze hippurate or indoxyl acetate. 
Helicobacter cholecystus exhibits activity for 
arginine aminopeptidase, alkaline phosphatase 
and L-arginine arylamidase but not y-glutamyl 
transpeptidase, histidine aminopeptidase, or leu- 
cine aminopeptidase. Helicobacter cholecystus is 
sensitive to 1.5% NaCl but resistant to 5% bile 
and cephalothin. It exhibits intermediate sensi- 
tivity to nalidixic acid. 

Helicobacter rodentium 

Helicobacter rodentium was isolated from the 
intestinal mucosa and feces of mice (Shen et al., 
1997). It is a curved or spiral rod (0.3 pm x 1.5- 
5 pm; Fig. 18). It is motile by means of single, 
bipolar, unsheathed flagella. Bacteria grow as a 
fine spreading translucent film on moist blood 
agar plates after 4-7 days incubation at 37°C 
under microaerobic conditions. Bacterial growth 




Fig. 17. Transmission electron micrograph of a negatively 
stained preparation of Helicobacter cholecystus showing 
its rod-like morphology and single, monopolar, sheathed 
flagellum. Bar = 1 pm. (Reproduced with permission from 
Franklin et al., 1996.) 



Fig. 18. Transmission electron micrograph of a negatively 
stained preparation of Helicobacter rodentium showing its S- 
shaped morphology and single, bipolar, unsheathed flagella. 
Bar = 1 pm. (Reproduced with permission from Shen et al., 
1997.) 
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also is seen when cells are incubated at 42°C or 
under anaerobic conditions. 

Helicobacter rodentium is urease negative 
and exhibits weak catalase and oxidase activi- 
ties. It reduces nitrate but does not hydrolyze 
indoxyl acetate or hippurate, and no y-glutamyl 
transferase or alkaline phosphatase activity is 
detected. Helicobacter rodentium is able to 
grow in the presence of 1% glycine and 1.5% 
NaCl, and it is resistant to nalidixic acid and 
cephalothin. 

Helicobacter mesocricetorum 

Helicobacter mesocricetorum was isolated from 
feces of Syrian hamsters (Simmons et al., 2000). 
It is a spiral, curved rod without periplasmic 
fibers whose average size is 0.5 pm x 2.5 pm (Fig. 
19). It is motile by means of single, bipolar, 
unsheathed flagella. Growth occurs as pinpoint 
colonies or as a thin spreading film at 42°C but 
not at 25°C. Growth is minimal to absent under 
anaerobic conditions and does not occur under 
aerobic conditions. Helicobacter mesocricetorum 
is positive for catalase and alkaline phosphatase, 
and it usually expresses nitrate reduction. It is 
negative for urease, y-glutamyl transferase, and 
hippurate hydrolysis. No growth occurs with 1% 
glycine or 1.5% NaCl. Helicobacter mesocrice- 
torum is resistant to cephalothin and generally 
sensitive to nalidixic acid. Like some other 
enterohepatic helicobacters, H. mesocricetorum 
has a 16S rRNA gene with an intervening 
sequence. The closest known relative is H. 
rodentium. 

Helicobacter ganmani 

Helicobacter ganmani was cultured during rou- 
tine screening of intestinal scrapings from con- 




Fig. 19. Transmission electron micrograph of a negatively 
stained preparation of Helicobacter mesocricetorum showing 
its curved S-shaped morphology and single, bipolar, 
unsheathed flagella. Bar = 1 pm. (Reproduced with permis- 
sion from Simmons et al., 2000.) 



ventional and specific pathogen-free mice 
(Robertson et al., 2001). It is a curved to spiral 
rod measuring 0.3 pm x 2.5 pm with two turns 
per cell and single, unsheathed, bipolar fiagella 
(Fig. 20). After 3-5 days incubation at 37°C on 
5% horse blood, growth appears as a thin, trans- 
parent film. No growth occurs at 42°C. Single 
colonies, which are not usually seen, are irregular 
and less than 1 mm in diameter. Helicobacter 
ganmani is anaerobic, with no growth under 
microaerobic or aerobic conditions. 

Helicobacter ganmani is urease negative but 
weak catalase activity is found in some strains. 
There is no alkaline phosphatase or indoxyl ace- 
tate hydrolysis. No growth occurs in the presence 
of 1% glycine, 2-4% NaCl, or nalidixic acid, but 
H. ganmani is resistant to cephalothin. The 16S 




Fig. 20. Transmission electron micrograph of a negatively 
stained preparation of Helicobacter ganmani showing its S- 
shaped morphology and single, bipolar unsheathed flagella. 
Bar = 0.3 pm. (Reproduced with permission from Robertson 
et al.,2001.) 
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rRNA gene from H. ganmani is 98.2% similar to 
the type strain of H. rodentium and is identical 
to a sequence from an unnamed mouse isolate, 
Helicobacter sp. MIT 95-2011 (GenBank acces- 
sion no. U96298). 



Helicobacter canadensis 

Some strains of H. pullorum identified by 16S 
rRNA sequence, fatty acid analysis, and restric- 
tion enzyme analysis were unexpectedly found 
to be indoxyl acetate positive, which had not 
been previously noted in H. pullorum (Gibson et 
al., 1999). Re-examination of four such isolates 
from patients with diarrhea showed that they 
differed biochemically from H. pullorum by 
their inability to hydrolyze indoxyl acetate and 
their resistance to nalidixic acid (Fox et al., 
2000). Complete 16S rRNA sequence analysis 
indicated a 2% difference with H. pullorum, and 
these isolates were proposed as a novel species, 
designated H. canadensis. The ultrastructure of 
H. canadensis is very similar to that of H. 
pullorum, except that the unsheathed flagella 
are unipolar rather than bipolar. Growth occurs 
microaerobically at 37 and 42°C, but not 
under anaerobic or aerobic conditions. Helico- 
bacter canadensis is urease, alkaline phos- 
phatase, and y-glutamyl transpeptidase negative 
but catalase and oxidase positive. Nitrate reduc- 
tion is variable. 



Helicobacter aurati 

Helicobacter aurati was cultivated from inflamed 
stomachs and ceca of adult Syrian hamsters 
(Patterson et al., 2000). They have a fusiform rod 
morphology (0.6 pm x 4-8 pm), with periplasmic 
fibers, and are motile by means of multiple, bipo- 
lar, sheathed flagella (Fig. 21). Growth on 5% 
sheep blood agar appears as a thin, spreading 
film without distinct colonies. Microaerobic 
growth occurs at 37 and 42°C. No growth occurs 
under anaerobic conditions or in the presence of 
1-3% NaCl or 1% glycine. Helicobacter aurati 
is positive for urease, catalase, oxidase and y- 
glutamyl transpeptidase activities and for 
indoxyl acetate %drolysis. Nitrate reduction and 
alkaline phosphatase hydrolysis are absent. Heli- 
cobacter aurati is sensitive to nalidixic acid but 
resistant to cephalothin. By 16S rRNA sequence 
analysis, H. aurati is most closely related to H. 
muridarum and H. hepaticus. 



Helicobacter typhlonius 

A novel Helicobacter species was originally iso- 
lated from IL-lO-deficient mice with colitis and 
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Fig. 21. Transmission electron micrograph of a negatively 
stained preparation of Helicobacter aurati showing its 
tapered rod morphology with bipolar tufts of sheathed fla- 
gella and periplasmic fibers entwining the cell. Bar = 0.5 pm. 
(Reproduced with permission from Patterson et al., 2000.) 



typhlitis (Fox et al., 1999). An identical organism 
was subsequently cultivated from feces of 
BALB/c mice and the designation ‘‘Helicobacter 
typhlonicus'' was proposed (Franklin et al., 
1999). For grammatical reasons, this name was 
changed to Helicobacter typhlonius and has 
recently been included within the validated spe- 
cies (Franklin et al., 2001). It is a curved to spiral 
rod (0.3 pm x 2-5 pm), and it is motile by means 
of single, bipolar, sheathed flagella (Fig. 22). 
Helicobacter typhlonius grows as transparent, 
pinpoint colonies on blood agar under microaer- 
obic conditions at 37°C, with no growth under 
aerobic or anaerobic conditions or at 25 or 42°C. 
It is oxidase and catalase positive but urease neg- 
ative. Helicobacter typhlonius reduces nitrate but 
does not hydrolyze indoxyl acetate or hippurate. 
There is no alkaline phosphatase or y-glutamyl 
transpeptidase activity. Growth occurs in the 
presence of 1.5% NaCl and 1% glycine. 16S 
rRNA sequence shows that H. typhlonius is most 
closely related to H. hepaticus and H. muridarum 
(97.5%). Similar to H. bilis and H. canis, there is 
a 164-166-bp intervening sequence in the 16S 
rRNA gene. 
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Fig. 22. Transmission electron micrograph of a negatively 
stained preparation of Helicobacter typhlonius showing its 
curved S-shaped morphology and single, bipolar, sheathed 
flagella. Bar = 1.5 pm. (Reproduced with permission from 
Fox et al., 1999.) 



Candidate Unvalidated Species 

In addition to the 22 validated Helicobacter spe- 
cies, a number of isolates currently do not fulfill 
criteria to be classified as novel species. In some 
cases the inability to culture the organisms in 
vitro has resulted in classification as Candidatus 
species. The International Committee on Sys- 
tematic Bacteriology (Subcommittee on the Tax- 
onomy of Campylobacter and Related Bacteria) 
has recently agreed upon the need for minimal 
standards for the description of new Helicobacter 
species (Dewhirst et al., 2000b). The category 
Candidatus was proposed and implemented to 
provide provisional status for incompletely 
described prokaryotes (Murray and Schleifer, 
1994; Murray and Stackebrandt, 1995). In addi- 
tion to DNA sequence data, a description of 
Candidatus species should include verification of 
localization in their natural niche by techniques 
such as in situ hybridization, as well as descrip- 
tive information relating to structure and metab- 
olism so far as is available. Currently the 
Helicobacter genus includes two Candidatus spe- 
cies and numerous unvalidated species (Tables 4 
and 5). 

Candidatus Helicobacter bovis 

Candidatus Helicobacter bovis is an uncultured 
bacterium found in the pyloric portion of the 
abomasum of calves and adult cattle (De Groote 
et al., 1999b). Gastric bacteria detected in the 




Fig. 23. Transmission electron micrograph of bovine gastric 
mucosa showing the S-shaped morphology of ''Candidatus 
Helicobacter bovis C Bar = 1 pm. (Reproduced with permis- 
sion from De Groote et al., 1999b.) 



gastric crypts of the abomasal stomachs of 
healthy cattle crossreact with polyclonal anti- 
body against H. pylori. Ultrastructural studies 
reveal the presence of large groups of multiple 
spiral bacteria with 1-3 turns (Fig. 23). The bac- 
teria possess a Gram-negative cell wall and are 
0.3 pm X 1. 5-2.5 pm in size, with at least four 
flagella at one end. The presence or absence of a 
flagellar sheath was not determined. Pyloric 
biopsy samples were shown to be urease positive. 
Cloning and sequencing of the 16S rRNA gene 
from DNA obtained from seven different cattle 
showed they had a sequence homology of 
greater than 99%. The closest taxonomic relative 
was H. bilis (92.8%) as determined by a 16S 
rRNA similarity matrix. A ‘'Candidatus Helico- 
bacter bovis”-specific probe (5- AAT TGC GTT 
TGA AAC TAT CAT T -3) confirmed the pres- 
ence of these bacteria in the cattle abomasum by 
in situ hybridization. 

Candidatus Helicobacter suis 

Candidatus Helicobacter suis is a urease-positive 
uncultivated bacterium identified in antral biop- 
sies of healthy slaughterhouse pigs (De Groote 
et al., 1999a). Organisms (2.5-3.5 pm long x 
0.6 pm wide) have a tightly coiled appearance 
with 1-5 bipolar flagella (Fig. 24). Polyclonal 
antisera against H. pylori crossreact with “Can- 
didatus Helicobacter suis'' and reveal the bacte- 
ria most commonly in superficial portions of the 
gastric crypts. Pairwise comparisons of 16S 
rDNA sequences obtained from five isolates 
showed a minimum of 97.7% similarity. The 16S 
rDNA sequence was 99.5% similar to that oV'H. 
heilmannii" type 1 (Solnick et al., 1993), which 
has been found in humans, pigs, and nonhuman 
primates. Owing to precedence and nonspecific 
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Fig. 24. Transmission electron micrograph of porcine gastric 
mucosa showing the tight helical morphology of '' Candidatus 
Helicobacter suis” Bar = 0.3 pm. (Reproduced with permis- 
sion from De Groote et al., 1999a.) 



host range, it has been proposed that “Candida- 
tus Helicobacter suis'' be renamed '‘Candidatus 
Helicobacter heilmannir (O’Rourke et al, 
2001a). 

Helicobacter heilmannii 

Helicobacter heilmannii (Fig. 25) was initially 
proposed as the designation for an uncultivated 
urease-positive gastrospirillum identified in 
biopsies of human gastric mucosa (Solnick et al., 
1993). The morphology is indistinguishable from 
that of ‘'Candidatus Helicobacter suis'' (Fig. 24). 
Since thel6S rDNA sequence from the original 
two isolates differed by 3.5%, they were provi- 
sionally given the designation “7T. heilmannir 
type 1 and “//. heilmannir type 2 (Solnick et al., 
1993). Subsequent analysis based on both 16S 
rDNA and urease sequences confirmed that por- 
cine, nonhuman primate, and some human iso- 
lates clustered closely together with the original 
“H. heilmannir type 1 strain. It has been 
proposed that these strains be designated 
‘'Candidatus Helicobacter heilmannii'' which 
would replace ‘‘Candidatus Helicobacter suis" 
(O’Rourke et al., 2001a). Another group of 
related strains identified in a tiger, wild dog, bob- 
cat, and human are more closely related to the 
original “//. heilmannii" type 2 isolate and to 
other known species such as H. felis and H. biz- 
zozeronii. In clinical gastroenterology, where 
only morphological data are available, these 
organisms are often collectively referred to as 
“H. heilmannii" a practice that is convenient but 
which obscures species differences. 

Helicobacter sp. “flexispira” 

A Gram-negative bacterium with a slightly spiral 
morphology, multiple periplasmic fibers, and 
bipolar tufts of sheathed flagella (Fig. 26) was 
originally isolated by Kirkbride from aborted 




Fig. 25. Transmission electron micrograph of feline gastric 
mucosa showing the tight helical morphology of ''Helico- 
bacter heilmannii^ Bar = 0.3 pm. 

ovine fetuses (Kirkbride et al., 1985). Closely 
related organisms have subsequently been 
isolated from a broad range of animal hosts, as 
well as from normal and immunocompromised 
humans (Archer et al., 1988; Romero et al., 1988; 
Schauer et al., 1993; Tee et al., 1998). The original 
designation of “Flexispira rappini" has been 
abandoned in favor of Helicobacter, since several 
studies have shown that these organisms are 
members of this taxon (Vandamme et al., 1991a). 
Recent evidence suggests that this group of 
organisms contains at least 10 Helicobacter taxa, 
including the two named species, H. bilis and H. 
trogontum (Dewhirst et al., 2000a). It has been 
proposed that the designation ‘‘Helicobacter rap- 
pinii" be applied to strains referred to as Helico- 
bacter sp. flexispira taxa 1, 4, and 5, which are 
closely related and include the original Kirkbride 
strain (Hanninen et al., 2001). 

Helicobacter rappinii has urease, catalase, and 
y-glutamyl transferase activity but does not 
reduce nitrate or produce alkaline phosphatase. 
Growth occurs as spreading colonies at 37 and 
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Fig. 26. Transmission electron micrograph of a negatively 
stained preparation of ''Helicobacter rapinni” showing its 
tapered rod morphology with bipolar tufts of sheathed fla- 
gella and periplasmic fibers entwining the cell. Bar = 0.5 pm. 
(Reproduced with permission from Schauer et al., 1993.) 



42°C. ‘‘Helicobacter rappinir as represented by 
taxa 1, 4 and 5 grows under strictly anaerobic 
conditions, but other taxa (for example taxa 8, 
which includes the original human isolate) grow 
under microaerobic conditions. “Helicobacter 
rappinir does not grow in the presence of 1% 
glycine, and it is resistant to nalidixic acid and 
cephalothin. By 16S rDNA sequence analysis, 
“H. rappinnir is most closely related to H. 
bilis. 

Helicobacter sp. strain “CLO-3” 

Helicobacter sp. strain CLO-3 was one of three 
groups of Campylobacter-like organisms isolated 
from rectal cultures in homosexual males. The 
other two groups have subsequently been classi- 
fied as H. cinaedi and H. fennelliae (Fennell et 
al., 1984; Totten et al., 1985; Vandamme et al., 
1991a). Helicobacter sp. CLO-3 consists of only 
a single strain, which is a slender spiral rod (0.3- 
0.5 pm X 1.5-5 pm). It has rapid motility owing 
to the possession of single, polar, sheathed fla- 
gella. It grows as pinpoint, translucent colonies 



under microaerobic conditions at 37°C, with no 
growth aerobically or anaerobically. It is catalase 
positive, is urease negative, does not reduce 
nitrate, and weakly hydrolyzes indoxyl acetate. 
Helicobacter sp. strain “CLO-3” grows in the 
presence of 1% glycine and 0.04% TTC but not 
2% NaCl. The G+C content is 45 mol%. 



Helicobacter sp. “Bird-B” and ‘‘Bird-C” 

Bacteria isolated from feces of wild terns, gulls, 
a house sparrow and swine were identified as 
three biotypes of Helicobacter, originally 
denoted Helicobacter sp. “Bird-A, -B and -C” 
(Seymour et al., 1994). The Bird-A isolate was 
subsequently classified as H. pametensis (Dew- 
hirst et al., 1994). The other closely related 
organisms are not formally named and are still 
referred to as Helicobacter sp. “Bird-B and Bird- 
C” because they are represented by only two 
isolates for one species and one for the other 
(Dewhirst et al., 1994). Both organisms are slen- 
der Gram-negative, spiral rods (0.3-0.5 pm x 1.5- 
5 pm) and are motile by means of single, polar, 
sheathed fiagella.They are distinguished from H. 
pametensis by their absence of urease activity 
and resistance to cephalothin. “Bird-C” is sus- 
ceptible to nalidixic acid and “Bird-B” is moder- 
ately susceptible to nalidixic acid. The G+C 
content of “Bird-B” and “Bird-C” is 31 and 30 
mol%, respectively. 

Helicobacter suncus 

Helicobacter suncus was isolated from the gastric 
mucosa of house musk shrews {Suncus murinis) 
with gastritis (Goto et al., 1998). It is a curved 
rod (0.5 pm x 3.55 pm) and is motile by means 
of bipolar, sheathed fiagella (Fig. 27). Bacteria 
grow as transparent mucoid colonies on moist 
blood agar plates after incubation at 37°C under 
microaerobic conditions. Growth occurs under 
anaerobic, but not aerobic, conditions. Strains of 
“H. suncus'' are catalase, oxidase and urease pos- 
itive. They can reduce nitrate but do not hydro- 
lyze indoxyl acetate or hippurate. “Helicobacter 
suncus" has alkaline phosphatase and arginine 
aminopeptidase activity but not y-glutamyl 
transpeptidase. It is sensitive to tetracycline, 
erythromycin and chloramphenicol and resistant 
to nalidixic acid and cephalothin. Phylogeneti- 
cally and biochemically “H. suncus" is most 
closely related to H. mustelae and the unnamed 
Helicobacter sp. “Bird-B and Bird-C.” 

Helicobacter colifelis 

This organism was seen in fecal smears from an 
8-week-old kitten with severe diarrhea (Foley et 
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Fig. 27. Transmission electron micrograph of a negatively 
stained preparation oV Helicobacter suncus'' showing its rod- 
like morphology and single, bipolar, sheathed flagella. Bar = 
1 pm. (Reproduced with permission from Goto et al., 1998.) 



al, 1998). Large numbers of spiral-shaped bacte- 
ria were seen in the crypts and surface mucus 
layer of the cecum and colon. The association 
with diarrhea was not proven since inoculation 
of pathogen-free cats with infected feces did not 
produce symptoms, although feces of the cats 
were positive by PCR using primers specific for 
the Helicobacter genus. Ultrastructurally 
colifelis'' is spiral shaped with two coils, 0.67 pm 
X 4-5.9 pm in size, with bipolar tufts of flagella 
that are connected to basal plates at the point of 
insertion (Fig. 28). Genetically “7/. colifelis'' is 
most closely related to H. canis (98.3%), H. 
pullorum (96.9-96.4%), H. hepaticus (96.7%) 
and H. cinaedi (96.5%). Since “77. colifelis'' is 
currently uncultivated and was identified on the 
basis of 16S rRNA sequence from a single iso- 
late, it remains unclear whether it represents a 
novel enterohepatic Helicobacter species. 




Fig. 28. Transmission electron micrograph of a negatively 
stained preparation of ''Helicobacter colifelis'' showing its 
S-shaped morphology and tufts of flagella. Bar = 1.2 pm. 
(Reproduced with permission from Foley et al., 1998.) 



Helicobacter sp. “Cottontop tamarin” 

(CTT) 

An unnamed Helicobacter was isolated from 
fecal samples from Cotton-top tamarins with 
chronic colitis (Saunders et al., 1999). The organ- 
ism is a fusiform rod (0.5 pm x 4-5 pm), with 
periplasmic fibers (Fig. 29). It is motile by means 
of 6-12 bipolar, sheathed flagella. The bacteria 
grow as a thin spreading film after 3-5 days 
growth under microaerobic conditions and are 
capable of growth at 37 and 42°C but not at 25°C. 
It is urease negative but positive for catalase and 
oxidase. Nitrate is not reduced, indoxyl acetate 
is not hydrolyzed, and no alkaline phosphatase 
occurs. ‘'Helicobacter sp. CTT” is resistant to 1% 
glycine, nalidixic acid, cephalothin and trimetho- 
prim-sulfamethoxazole. Tlie 16S rRNA gene has 
a 350-bp intervening sequence and is most 
closely related to 77. canis and 77. fennelliae. 

Helicobacter winghamensis 

Helicobacter winghamensis was isolated from 
stools of children and adults with gastroenteritis 
(Melito et al., 2001). The organism is a curved to 
spiral rod (0.3-0.6 pm x 2 pm) that is motile by 
one or two bipolar, unsheathed flagella (Fig. 30). 
The absence of a flagellar sheath is uncommon 



164 J.V. Solnick et al. 



CHAPTER 3.5.2 




Fig. 29. Transmission electron micrograph of a negatively 
stained preparation of ''Helicobacter tamarin” showing its 
tapered rod morphology with bipolar tufts of sheathed fla- 
gella and periplasmic fibers entwining the cell. Bar = 0.5 pm. 
(Reproduced with permission from Saunders et al., 1999.) 



among helicobacters, but does occur in H. 
pullorum, H. canadensis, H. mesocricetorum, H. 
ganmani, H. rodentium and “H. muricolar Col- 
onies on 10% sheep blood agar show a mixture 
of spreading and nonspreading morphology. 
Growth occurs under microaerobic conditions at 
37°C but not at 42°C or in aerobic or anaerobic 
conditions. ‘‘Helicobacter winghamensis'' is neg- 
ative for urease and alkaline phosphatase activi- 
ties, and it does not reduce nitrate. Catalase 
activity is also absent, which among helico- 
bacters has only been described for H. canis and 
taxa 7 and 8 of Helicobacter sp. “flexispira'' 
(Dewhirst et al., 2000a). “Helicobacter wingha- 
mensis'' is bile tolerant, hydrolyzes indoxyl ace- 
tate, and is variably resistant to nalidixic acid and 
cephalothin. By 16S rRNA sequence analysis, 
“H. winghamensis'' is most closely related to 
Helicobacter sp. “flexispira'' taxon 1 and to H. 
cholecystus. 

Helicobacter sp. ‘‘rhesus” 

Microaerobic culture of colonic tissue from 
rhesus macaques revealed two novel Helico- 
bacter biotypes that were isolated from clinically 
normal monkeys and monkeys with chronic idio- 
pathic colitis, respectively (Fox et al., 2001b). 
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Fig. 30. Transmission electron micrograph of a negatively 
stained preparation of "Helicobacter winghamensis'’ showing 
its S-shaped morphology and unsheathed polar flagella. Bar 
= 1 pm. (Reproduced with permission from Melito et al., 
2001 .) 



Cells are spiral in shape, 0.2 pm x 2-3 pm in size, 
and motile by means of bipolar, sheathed flagella 
(Fig. 31). Both biotypes are oxidase positive and 
urease negative and grow at 37 or 42°C as pin- 
point or spreading colonies. The two biotypes 
differ by catalase activity, ability to reduce 
nitrate, and sensitivity to cephalothin. By 16S 
rRNA sequence analysis, Helicobacter sp. 
“rhesus” type 1 is most closely related to a Heli- 
cobacter species isolated from a woodchuck and 
to Helicobacter sp. “Cottontop tamarin.” Helico- 
bacter sp. “rhesus” type 2 is most closely related 
to H. fennelliae and differs from type 1 by about 
4%. 

Helicobacter cetorum 

Apparently novel Helicobacter species were 
identified by culture and PCR of gastric mucosa 
from the main stomach of stranded dolphins, 
Lagenorhynchus acutus and Delphinus delphis 
(Harper et al., 2000). Cultivated organisms had 
a fusiform to slightly spiral morphology and 
measured 4 pm by 0.6 pm, with laterally located, 
bipolar, sheathed flagella (Fig. 32). Organisms 
were positive for urease, catalase, oxidase and 
y-glutamyl transpeptidase activity, but did not 
reduce nitrate or hydrolyze indoxyl acetate. 
Growth occurred at 42°C and with 1% glycine 
but not in the presence of nalidixic acid or ceph- 
alothin. 16S rDNA sequences from the dolphin 
isolates cluster with other gastric helicobacters 
and are most closely related to H. pylori. The 
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Fig. 31. Transmission electron micrograph of a negatively 
stained preparation of ''Helicobacter rhesus'' showing its S- 
shaped morphology and single, bipolar, sheathed flagella. 
Bar = 0.5 pm. (Reproduced with permission from Fox et al., 
2001b.) 

name “H. cetorum” has recently been proposed. 
These isolates represent the first helicobacters 
isolated from marine mammals. A closely related 
species was recently cultivated from feces of a 
beluga whale (Harper et al., 2002). 



Fig. 32. Transmission electron micrograph of a negatively 
stained preparation of "Helicobacter cetorum" showing its 
fusiform to S -shaped morphology and bipolar, sheathed fla- 
gella. Bar = 0.5 pm. (Reproduced with permission from 
Harper et al., 2000.) 



Helicobacter marmotae 

Because woodchucks (Marmota monax) have a 
high incidence of hepatocellular carcinoma, 
which can be induced by H. hepaticus infection 
in mice. Fox et al. recently examined woodchuck 
livers to determine whether they were infected 
with Helicobacter species (Fox et al., 2002b). A 
novel helicobacter was isolated from a single 
woodchuck and also from the feces of four cats. 
The organism measures 0.2 by 5 jam, with bipo- 
lar, sheathed flagella similar to those of many 
other enterohepatic Helicobacter species. ‘'Heli- 
cobacter marmotae'' is positive for catalase and 
urease but negative for nitrate reduction, indoxyl 
acetate hydrolysis, and y-glutamyl transpeptidase 
activity. Growth occurs in 1 % glycine and in the 
presence of nalidixic acid and cephalothin, but 
not at 42°C. By 16S rDNA, “H. marmotae" clus- 
ters with H. fennelliae and with helicobacters 
isolated from rhesus monkeys and cotton-top 
tamarins. Whether “H. marmotae" promotes 
hepatocellular carcinoma in woodchucks or 
causes enterohepatic disease in cats is currently 
unknown. 

Helicobacter muricola 

Although Helicobacter species have been iso- 
lated from the intestinal tracts and hepatobiliary 
system of laboratory mice, helicobacters in wild 
mice have not been well described. Won et al. 
recently reported the isolation of a slowly grow- 
ing species from the ceca and fecal pellets of 
Korean wild mice (Won et al., 2002). Hie organ- 
ism measures 0.43-0.5 pm in width and 2.3- 
5.5 pm in length, with the same morphology as 
other enterohepatic helicobacters such as H. 
typhlonius, H. hepaticus and H. rodentium. Iso- 
lation required 7-15 days, which is longer than 
usual for most helicobacters. “Helicobacter 
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muricola'' is catalase and urease positive but 
negative for alkaline phosphatase, y-glutamyl 
transpeptidase activity and indoxyl acetate 
hydrolysis. No growth occurs in 1% glycine or at 
42°C. ‘'Helicobacter muricola'' is sensitive to nali- 
dixic acid but resistant to cephalothin. It is most 
closely related to another murine Helicobacter 
species, H. muridarum (96.7% similarity). Histo- 
pathologic evaluation of the gastrointestinal 
tract of infected mice revealed no abnormalities, 
so “H. muricola'' is likely nonpathogenic in its 
natural host. 

Helicobacter Infection and Disease 

Helicobacter species are ubiquitous colonizers of 
the enteric mucosal surface of humans and other 
animals. In most cases, these bacteria do not 
appear to have a pathologic relationship with 
their host; however, there are important excep- 
tions to this generalization, most notably H. 
pylori, which is associated with the development 
of peptic ulcers and gastric cancer in humans. 
Even with H. pylori, it should be remembered 
that the relationship between pathogen and host 
is complex, often commensal, and perhaps even 
beneficial in some cases (Blaser, 1999). 

Human Medicine 
H PYLORI 

Epidemiology The prevalence of H. pylori infec- 
tion in developed countries increases with age to 
about 50% at age 50 years. In developing coun- 
tries, the prevalence is higher and infection 
occurs at an earlier age, reaching 50% by age 5 
years and increasing to 80% or more by adult- 
hood (Mitchell et al., 1992; Bardhan, 1998; 
Brown, 2000; Everhart, 2000). Helicobacterium 
pylori infection is predominantly acquired in 
childhood (Mitchell et al., 1992; Parsonnet, 

1995), which has led to the conclusion that the 
apparent association of H. pylori with age largely 
reflects a cohort effect. That is, infection is more 
common in older persons because they were 
born at a time when the prevalence was higher 
than it is currently. In the absence of effective 
antibiotic therapy, infection usually persists for 
decades, if not throughout the lifetime of the 
host, although some reports have suggested that 
loss of infection may be more common than pre- 
viously thought (Klein et al., 1994; Malaty et al., 
1999). 

Transmission Helicobacter pylori is probably 
most often transmitted directly from person-to- 
person, which is suggested by case clustering in 
families and in institutionalized populations 
(Mitchell et al., 1989; Mitchell et al., 1993; 



Vincent et al., 1994; Rothenbacher et al., 1999) 
and by the fact that strains from family members 
are often genetically indistinguishable, while 
those from unrelated persons are usually unique 
(Wang et al., 1993). The mechanism of transmis- 
sion is controversial, with evidence for and 
against gastro-oral, fecal-oral or oral-oral routes 
(Mitchell, 2001). Contaminated food and water 
have sometimes been implicated as a source for 
H. pylori infection, especially in developing 
countries (Klein et al., 1991; Goodman et al., 

1996) ; however, the organism has never been cul- 
tivated from drinking water. Although H. pylori 
infection was identified in a single colony of lab- 
oratory cats (Handt et al., 1994) and is common 
among captive nonhuman primates (Dubois et 
al., 1995; Solnick et al., 1996), zoonotic transmis- 
sion is unlikely. However, a recent report sug- 
gested that a potential zoonotic source may be 
sheep (Dore et al., 2001). 

Associations with Disease Acute H. pylori infec- 
tion rarely comes to clinical attention, but may 
be associated with self-limited epigastric pain 
and hypochlorhydria (Marshall et al., 1985; 
Morris and Nicholson, 1987). Chronic infection 
causes a histologic gastritis in all individuals that 
is usually asymptomatic, but may result in the 
development of duodenal or gastric ulcer. Most 
cases of peptic ulcer disease are now known to 
be caused by H. pylori infection (Dunn et al., 

1997) . This has prompted a National Institutes of 
Health (NIH) consensus recommendation that 
patients with peptic ulcer and H. pylori infection 
be treated with antibiotics in addition to the 
usual antisecretory agents (Anonymous, 1994). 
In some individuals, H. pylori infection leads to 
the development of atrophic gastritis, the histo- 
logic precursor to gastric cancer. Both epidemi- 
ological (Nomura et al., 1991; Parsonnet et al., 
1991; Forman et al., 1993) and prospective 
studies (Uemura et al., 2001) now support the 
conclusion that chronic infection with H. pylori 
is associated with a significantly increased risk 
of developing gastric adenocarcinoma, which 
worldwide is the second most common cause of 
cancer morbidity and mortality. Chronic H. 
pylori infection may also cause gastric mucosa- 
associated lymphoid tissue (MALT) lymphoma, 
which is uncommon but of considerable interest 
because it is an antigen-driven tumor that, if 
detected early, can be cured with antibiotic ther- 
apy (Wotherspoon et al., 1991; Wotherspoon et 
al., 1993; Parsonnet et al., 1994; Roggero et al., 
1995; Zucca et al., 1998; Isaacson et al., 1999). 

Pathogenesis and Virulence A number of H. 
pylori genes are important in virulence, including 
those coding for urease and flagella, which are 
required for colonization (Dunn et al., 1997). 
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Nearly all strains of H. pylori express the VacA 
cytotoxin, which is an 87-kDa protein that causes 
vacuolization in cultured epithelial cells and is 
probably active in vivo (Reyrat et al, 1999). The 
vacA gene is highly polymorphic and particular 
alleles are more strongly associated with disease 
than others (Leunk et al, 1988; Atherton et al, 
1995). About 60% of the United States strains 
have a 40-kb pathogenicity island, termed the 
“Cag PAI,” which is more often found in strains 
isolated from patients with clinical disease 
(Censini et al., 1996). Six of the 27 genes on the 
Cag PAI have homology to components of the 
type IV secretion systems found in E. coli, Agro- 
bacterium tumefaciens, Bordetella pertussis and 
others, which specialize in the transport of DNA 
and other macromolecules across the bacterial 
membrane or into other cells (Covacci et al., 
1999). These and other genes on the Cag PAI are 
required for H. pylori to induce gastric epithelial 
cells to produce interleukin-8 (IL-8), which 
causes inflammation by recruitment of poly- 
morphonuclear leukocytes (Segal et al., 1997; 
Crabtree et al., 1999; Li et al., 1999; Fischer 
et al., 2001). The Cag A protein, itself, is also 
exported by the type IV apparatus and injected 
into the host cell, where it is tyrosine phospho- 
rylated and likely interrupts eukaryotic signal 
transduction pathways (Segal et al., 1999; 
Odenbreit et al., 2000; Stein et al., 2000). Recent 
evidence suggests that at least one mechanism 
for this process is via formation of a physical 
complex between CagA and the SRC homology 
2 domain (SH2)-containing tyrosine phos- 
phatase, SHP-2 (Higashi et al., 2002). 

Helicobacter pylori can survive over a pH 
range of 3.5-8 owing to the action of a highly 
adapted urease that permits maintenance of the 
proton motive force across the periplasmic mem- 
brane via production of ammonia, which elimi- 
nates excess hydrogen ions in the local acid 
milieu. Thus the energy supply to the cell is main- 
tained (Meyer Rosberg et al., 1996). A critical 
gene for this acid resistance is urel, which 
encodes a membrane protein that functions as an 
acid-activated urea transporter (Scott et al., 
2000; Weeks et al., 2000). Variations in gastric pH 
caused by surgery, acid suppressive therapies, or 
host factors allow the bacteria to colonize differ- 
ent niches within the stomach environment, 
resulting in differing disease presentations. The 
location of the bacteria and its behavior at that 
site are a direct response to the local acid envi- 
ronment within the stomach. High acid output 
levels are associated with a predominately antral 
gastritis and increased risk of duodenal ulcer- 
ation, whereas lower acid levels are associated 
with colonization through the entire stomach 
including the corpus mucosa, resulting in pangas- 
tritis, gastric ulceration, and gastric adenocarci- 



noma (Lee et al., 1995; Lee and Van Zanten, 
1997; Van Zanten et al., 1999). 

Diagnosis Endoscopic diagnosis of H. pylori 
infection is usually performed by histopathologic 
examination or rapid urease assay performed on 
gastric biopsies. Culture is not routinely per- 
formed in clinical practice, although in experi- 
enced laboratories, the sensitivity is probably 
greater than 95% and the specificity is 100% 
(Dunn et al., 1997). As H. pylori develops 
increasing antibiotic resistance, culture and sen- 
sitivity testing may play a greater role in diagno- 
sis. Since the distribution of H. pylori infection is 
patchy, all endoscopic methods require examina- 
tion of multiple biopsies, preferably at least 
three. Nonendoscopic diagnosis is most com- 
monly performed by detection of serum IgG (Ho 
and Marshall, 2000), which if positive usually 
indicates active infection. There is currently no 
validated method for detection of acute H. pylori 
infection with IgM. Noninvasive diagnosis may 
also be performed using the urea breath test 
(Chey, 2000; Graham and Klein, 2000b) and 
stool antigen detection (Vaira et al., 2000). 

Treatment Antibiotic therapy administered 
together with acid suppression using either a 
proton pump inhibitor or H2 blocker is effective 
in about 85% of patients, if administered for 7- 
14 days (Graham, 2000a). Combination of two or 
more antibiotics is required. Typical antibiotics 
commonly used are bismuth subsalicylate, tetra- 
cycline, and metronidazole administered four 
times daily or clarithromycin and either amox- 
icillin or metronidazole administered twice daily. 
The latter regimen is more expensive but also 
more convenient. Antibiotic resistance among 
H. pylori isolates is common and increasing, 
especially to metronidazole and clarithromycin 
(Meyer et al., 2002). 

Prevention Currently, no vaccine is available for 
prevention of H. pylori infection. However, this 
is an area of active investigation (Del Giudice et 
al., 2001), and phase I clinical trials are currently 
underway. 

Other Helicobacter Species 

Gastric Infections Other than H. pylori, the only 
significant gastric Helicobacter seen in humans is 
‘'Helicobacter heilmanniif which has a preva- 
lence of approximately 0.5% among patients 
undergoing endoscopy (O’Rourke et al., 2002). 
The low prevalence of “H. heilmanniE infections 
in humans means that a definite disease associa- 
tion is unlikely to be proven; however, it seems 
likely that this organism does cause gastritis, 
although the inflammation is generally less 
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aggressive than that seen with H. pylori, and may 
cause proportionately more cases of gastric 
MALT lymphoma (Stolte et al, 1997). 

Enterohepatic Infections A growing number of 
enterohepatic Helicobacter species is being 
reported in association with gastroenteritis, 
hepatitis, and hepatobiliary diseases in humans 
(reviewed in O’Rourke et al. [2001b], Solnick 
and Schauer [2001], and Fox [2002a]). Helico- 
bacter cinaedi and H. fennelliae may cause 
gastroenteritis, cellulitis, septic arthritis and bac- 
teremia, most commonly but not exclusively in 
immunocompromised patients such as those 
infected with the HIV. Helicobacter pullorum, H. 
canis, H. canadensis, “77. winghamensis'' and 
Helicobacter sp. “flexispira” may be associated 
with diarrhea, and Helicobacter sp. “flexispira” 
can also cause bacteremia. The association of 77. 
bilis and other bile-tolerant species with hepato- 
biliary disease in humans is controversial but an 
area of active research (Fox et al., 1998a). 

Veterinary Medicine 

Helicobacter species are ubiquitous along the 
gastrointestinal mucosal surface of a broad range 
of domestic and feral animals. Nevertheless, 
there are very few well-documented instances in 
which infection of an immunocompetent, natural 
host results in clinical disease (Solnick and 
Schauer, 2001). 

Gastric Infections 

Gastric Helicobacter infections in animals are 
associated with a histologic gastritis that resem- 
bles that seen in humans, although the polymor- 
phonuclear component is usually minimal or 
absent. The dominant pathology seen in cats and 
dogs is a mild chronic gastritis characterized by 
lymphocytic and lymphoplasmacytic inflltrates in 
the lamina propria with occasional formation of 
lymphoid follicles (Henry et al., 1987; Heilmann 
and Borchard, 1991; Geyer et al., 1993; Otto et 
al., 1994; Hermanns et al., 1995; Eaton et al., 
1996; Happonen et al., 1996; Happonen et al., 
1998; Neiger et al., 1998; Norris et al., 1999). A 
consensus statement by the American College of 
Veterinary Internal Medicine (ACVIM) con- 
cluded that most cats and dogs are infected with 
gastric bacteria irrespective of health status. 
Pathologic changes are detected but there is no 
simple association of bacteria with disease (Sim- 
pson et al., 2000). 

Several studies have shown a signiflcant 
increase in the prevalence of gastrospirilla in ani- 
mals with ulceration of the pars oesophagea com- 
pared to animals with no ulcers (Barbosa et al.. 



1995; Queiroz et al., 1996; Roosendaal et al., 
2000; Choi et al., 2001). It has been proposed that 
the bacteria may have an indirect effect on ulcer 
formation via induction of increased levels of 
acid secretion (Yeomans and Kolt, 1996). Some 
animal hosts are colonized by more than one 
Helicobacter species, such as H. pylori and H. 
acinonychis in cheetahs and 77. pylori and “77. 
heilmannir in nonhuman primates (Euler et al., 
1990; Dubois et al., 1991; Dubois et al., 1994). In 
nonhuman primates, gastritis appears to be less 
severe in animals infected with gastrospirilla 
than in those infected with H. pylori (Dubois et 
al., 1991). Gastrospirilla are found intracellularly 
in parietal cells, which may be linked to in- 
creased acid output levels (Dubois et al., 1991; 
Dubois et al., 1994). Cheetahs that presented 
with chronic vomiting and weight loss had severe 
lymphocytic gastritis characterized by variable 
numbers of neutrophils, gland abscesses, lym- 
phoid follicles and epithelial erosions (Eaton 
et al., 1991; Eaton et al., 1993b). A treatment 
study in cheetahs suggested that more severe 
pathology might be associated with H. acinony- 
chis infection rather than with the other gastro- 
spirilla (Wack et al., 1997). 

Helicobacter mustelae is the natural colonizer 
of ferret gastric mucosa, where it is found in 
association with a diffuse antral chronic gastritis 
and gastric ulcers (Fox et al., 1986; Fox et al., 
1990). The bacteria readily adhere to the epithe- 
lial surface, with evidence of endocytosis, a fea- 
ture not commonly seen with other lielicobacters 
except for 77. pylori (O’Rourke et al., 1992). 
Inoculation of H. mustelae into uninfected fer- 
rets results in an inflammatory response similar 
to that seen in naturally infected animals (Fox et 
al., 1991); however, an association between gas- 
tric ulcers and 77. mustelae infection has not yet 
been documented. 

Finally, experimental inoculation in some ani- 
mal models may also reproduce pathologic evi- 
dence of malignancy. For example, experimental 
inoculation of H. felis in BALB/c mice or H. 
pylori in Mongolian gerbils can induce gastric 
MALT lymphoma or adenocarcinoma, respec- 
tively (Enno et al., 1995; Honda et al., 1998; 
Watanabe et al., 1998). 

Enterohepatic Infection 

Among the enterohepatic Helicobacter species, 
H. hepaticus infection in mice has been studied 
most extensively. This organism was flrst noted 
in an examination of A/JCr mice that exhibited 
an increased incidence of liver tumors (Fox et al., 
1996a). The bacterium forms part of the normal 
microbiota of the lower bowel, with sporadic 
infection of the liver. Infection causes necro- 
tizing hepatitis that commonly goes on to 
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preneoplastic hyperplasia and hepatocellular 
carcinoma. Infection of germ-free mice produces 
chronic hepatitis and hepatocellular carcinoma 
(Fox et al., 1996b); however, in immunocompe- 
tent mice there are no clinical signs of disease 
and no obvious reduction in breeding efficiency. 
Helicobacter hepaticus and other lower bowel 
helicobacters have been found in association 
with hepatitis or inflammatory bowel disease, but 
these were often in immunocompromised ani- 
mals (Cahill et al., 1997; Shomer et al., 1997; 
Haines et al., 1998). ‘'Helicobacter rappinir was 
first isolated from aborted ovine fetuses and sub- 
sequently shown to cross the placenta in sheep, 
in which it induces abortion and hepatic necrosis 
in fetuses (Kirkbride et al., 1985; Bryner et al., 
1987). These same diseases were induced in 
guinea pigs infected experimentally with “H. 
rappinir (Bryner et al., 1987). 



Conclusion 

Members of the Helicobacter genus are ubiqui- 
tous colonizers of the enteric mucosal surface, 
which forms a critical interface between an 
organism and its environment. There are cur- 
rently 22 formally named species (though H. 
nemestrinae is likely a junior heterotypic syn- 
onym for H. pylori). Many additional species 
have been provisionally named but not yet vali- 
dated and others have been isolated but not yet 
named. The genus Helicobacter will undoubtedly 
continue to grow as these and other novel species 
are identified and characterized. Continued 
study of these organisms will likely yield new 
insights regarding the complex and dynamic 
host-pathogen relationship that occurs during 
chronic bacterial infections. 
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The Genus Wolinella 

JBG SIMON, ROLAND GROSS, OLIVER KLIMMEK AND ACHIM KROER 



Introduction 

The genus Wolinella belongs to the family Heli- 
cobacteraceae (epsilon subclass of the Proteo- 
hacteria). There is only one species of the genus, 
W. succino genes. The species formerly known as 
W. recta and W. curva have been re-classified as 
Campylobacter rectus and C. curvus (see [Phy- 
logeny] and [Taxonomy]). W. succino genes was 
isolated from bovine rumen fluid (see [Habitat 
and Isolation]) and can be identified and differ- 
entiated from other species by various morpho- 
logical, biochemical and genetic methods (see 
[Identification]). The cells grow only by anaero- 
bic respiration and do not ferment carbohydrates 
(see [Cultivation] and [Physiology]). Fumarate, 
nitrate, nitrite, nitrous oxide (N 2 O), polysulfide 
or dimethyl sulfoxide (DMSO) can serve as ter- 
minal electron acceptor with formate as the elec- 
tron donor. Molecular hydrogen and, at least in 
fumarate respiration, sulfide are alternative elec- 
tron donor substrates. The electron transport 
enzymes and the mechanism for generating the 
electrochemical proton potential across the 
membrane are described in the section [Physiol- 
ogy]. Most of the genes encoding the electron 
transport enzyme complexes are known and a 
system for site-directed mutagenesis in W. succi- 
nogenes was established for both the operons 
coding for the subunits of fumarate reductase 
and hydrogenase (see [Genetics]). 



Phylogeny 

The overall phylogenetic position of Wolinella 
relative to other Gram-negative bacteria was 
determined from 16S rRNA sequencing. This 
indicated that the genus Wolinella falls in the 
family Helicobacteraceae, which belongs to the 
epsilon subclass of the Proteohacteria (Fig. 1). 
Other closely related bacteria are grouped 
within the family Campylobacteraceae, including 
the genera Sulfurospirillum, Arcohacter and 
Campylobacter. 



Taxonomy 

There is only one species of the genus, the type 
species Wolinella succinogenes (previously clas- 
sified as Vibrio succinogenes by Wolin et al., 
1961). Two oral species of Wolinella, W. recta and 
W. curva (Tanner et al., 1981), are now described 
as members of the genus Campylobacter, based 
on 16S rRNA sequence analysis (Paster and 
Dewhirst, 1988; Vandamme et al., 1991). 

The type strain of W. succinogenes is ATCC 
29543^ (FDC 602W; FDC: Forsyth Dental Cen- 
ter, Boston, MA, USA). 



Habitat 

Wolinella succinogenes was isolated from bovine 
rumen fluid (Wolin et al., 1961). Isolates resem- 
bling W. succinogenes have been isolated from 
sewage (Yoshinari, 1980; Tanner et al., 1984) and 
from humans (Radcliffe et al., 1979); however, 
no genetic information for these strains is 
available. 



Isolation 

Wolinella succinogenes was originally isolated 
from an inoculum of bovine rumen fluid after 
serial transfer in an anaerobic methanogenic 
enrichment medium containing formate, sulfide, 
and inorganic salts. Secondary enrichment was 
made in a broth medium containing formate and 
fumarate (Wolin et al., 1961). Additional strains 
of W. succinogenes were recently isolated using 
the same procedure except that the primary 
medium contained fumarate (A. Kroger, unpub- 
lished observation). These strains were virtually 
indistinguishable from the original Wolin strain 
with respect to their 16S rRNA sequence and 
their growth parameters. For isolation, bovine 
rumen fluid was passed through filter papers, and 
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- Wolinella succinogenes 
- Helicobacter hepaticus 
- Helicobacter pylori 
rSulfurospirillum barnesii 
~^Sulfurospirillum deleyianum 

_l Areobacter cryaerophilus 

' — Areobacter butzleri 
I — Campylobacter jejuni 
' Campylobacter rectus 



Helicobacteraceae 



Campylobacteraceae 



Fig. 1. Phylogeny of Wolinella succinogenes as derived from 
16S rRNA sequences. The phylogenetic relationships of 
Wolinella succinogenes, the only member of the genus, com- 
pared to other members of the families Helicobacteraceae 
and Campylobacteraceae. Marker bar represents a 5% dif- 
ference in nucleotide sequences. 



the filtrate (250 ml) was centrifuged for 15 min 
at 10,000 X g. The sediment was resuspended in 
200 ml formate/fumarate medium (Procedure 1). 
Centrifugation was repeated and the sediment 
was suspended in 200 ml Tris-buffer (50 mM, pH 
8.0, 0°C). One volume of the suspension (a 5% 
inoculum) was added to nineteen volumes of the 
“culture medium,” which was designed by Wolin 
et al. (1961) and prepared with tap water. The 
culture was kept for 24 h at 37°C. Using the same 
growth conditions, a 5% inoculum of the bacteria 
was transferred to formate/fumarate medium 
that contained 10 mM NH4CI instead of 
(NH 4 ) 2 S 04 and lacked acetate. Additionally, 
2 mM Na 2 S was added before inoculation. Fur- 
ther cultivation made use of the formate/fuma- 
rate medium (Procedure 1). Single strains were 
obtained by plating and picking of colonies (see 
[Cultivation]). 



A 




Fig. 2. Electron photomicrographs of Wolinella succino- 
genes. (a) Negatively stained cells, strain ATCC 29543 (FDC 
602 W): a short curved rod with a typical Gram-negative cell 
wall surface and a single polar flagellum. Bar = 0.5 pm. (b) 
Transmission electron photograph showing the flagellar 
insertion (F). Bar = 0.2 pm. 



H3B03 62 mg 

C 0 CI 2 -6H20 0.19 g 

CuC12 -2H20 17 mg 

NiC12 '6H20 24 mg 

Na2Mo04 -2H20 36 mg 

Distilled water 1000.0 ml 



Combine the medium components and adjust the pH to 
7. 6-7.8 by addition of potassium hydroxide. Make the 
medium anoxic by alternate evacuation and flushing 
with N 2 using appropriate glassware, and sterilize by 
autoclaving. 



1. Minimal medium containing formate and fumarate 
for isolation and cultivation of W. succinogenes: 



Tris 6.1 g 

Fumaric acid H-6 g 

Sodium formate 6.8 g 

Dipotassium hydrogen phosphate 3.5 g 

Ammonium sulfate 0.7 g 

Sodium acetate 2.7 g 

Glutamic acid 0.2 g 

Calcium/magnesium stock solution 1 ml 

(see below) 

Trace element solution (see below) 0.2 ml 

Distilled water 1000.0 ml 



Calcium/magnesium stock solution; 



Calcium chloride 0.74 g 

Magnesium chloride 5.1 g 

Distilled water 100.0 ml 

Trace element solution: 



Na2 EDTA 5.2 g 

FeCfi -4H 2 O 1.5 g 

ZnCfi 70 mg 

MnCC '4H 2 O 0.1 g 



Identification 

Morphology 

Cells of Wolinella succinogenes are non-spore- 
forming Gram-negative rods with a rapid, dart- 
ing motility via a single polar flagellum. The cells 
are helical, curved, or straight, 0.5-1. 0 pm in 
diameter and 2-6 pm in length, with rounded or 
tapered ends (Fig. 2). Colonies are pale yellow 
opaque to gray translucent with convex, pitting 
and spreading variants. When grown with nitrate 
as terminal electron acceptor, colonies appear 
reddish due to an increased cytochrome c 
content. 

Biochemical Properties 

Common characteristics for W. succinogenes are 
listed in Table 1. Cells of W. succinogenes grow 
at 37°C, demonstrate oxidase activity, and pro- 
duce hydrogen sulfide, but are asaccharolytic 
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Table 1. Characteristics common to Wolinella succino genes'". 

Common positive characteristics: Gram-negative rods; actively motile via a single polar flagellum; growth in broth 

supplemented with formate and fumarate; growth in anaerobic and microaerophilic 
(5% O 2 ) atmospheres; reduction of nitrate, nitrite, neutral red, and benzylviologen; 
oxidase and benzidine positive; production of hydrogen sulfide, hydrogen, carbon 
dioxide and succinate; growth in the presence of Evans blue (0.05 g/liter), malachite 
green (0.02 mg/liter), brilliant green (0.0125 g/liter), and kanamycin (1, 2, or 4 pg/ml); 
arginine aminopeptidase positive in API An-Ident tests. 

Common negative characteristics: No growth in unsupplemented broth media or in media supplemented with only 0.2% 

nitrate; no growth on agar surfaces in air or in air containing 10% CO 2 ; no spores 
formed; not haemolytic; pH is not lowered when cells are incubated in formate- and 
fumarate-supplemented media with 1 % adonitol, 1 % amygdalin, 1 % arabinose, 

1% dextran, 1% dulcitol, 1% fructose, 1% galactose, 1% glucose, 1% glycerol, 1% 
glycogen, 1 % inositol, 1 % inulin, 1 % lactose, 1 % matose, 1 % mannitol, 1 % mannose, 
1 % melezitose, 1 % melibiose, 1 % rafflnose, 1 % rhamnose, 1 % ribose, 1 % salicin, 1 % 
sorbitol, 1% sucrose, 1% trehalose, 1% xylose, 0.25% esculin, or 0.5% starch; catalase 
negative; lysine, ornithine, and arginine not decarboxylated; starch, dextran, esculin, 
casein, DNA, and gelatin not hydrolyzed; hydrogen peroxide, urease, lethicinase, lipase, 
indole, and acetylmethylcarbinol not produced; nitrous oxide, methane, formate, 
acetate, propionate, isobutyrate, butyrate, isovalerate, valerate, caproate, lactate, and 
pyruvate not detected; gas not formed under an agar layer over a broth culture; no 
growth in the presence of NaCl (20 or 40 g/liter) or penicillin (64 pg/ml); negative or 
weak reactions in API ZYM and API AN-Ident tests, except for arginine 
aminopeptidase. 

^ These characteristics are shared by Campylobacter rectus (formerly classified as Wolinella recta), C curvus (formerly 

classified as W. curva), C. gracilis, C concisus, and C. sputorum, except: C. gracilis has no flagellum and is not actively motile. 

Data from Tanner et al., 1981, 1984, 1985. 



and are negative in many routine biochemical 
tests including enzyme substrate tests (Table 1). 
The cells contain b- and c-type cytochromes, 
whereas cytochromes of the a-, d-, and o-type 
are missing (Kroger and Innerhofer, 1976). 
Menaquinone-6 (2-methyl-3-farnesyl-farnesyl- 
1, 4-naphthoquinone) and a methyl-substituted 
menaquinone-6 (2, [5 or 8] -dimethyl-3 -farnesyl- 
farnesyl-1, 4-naphthoquinone) have been re- 
ported as major respiratory quinones (Collins 
and Fernandez, 1984). 



Differentiation of Wolinella succinogenes 
from Other Species 

Cells of W. succinogenes have been difficult to 
differentiate from other species (e.g. from mem- 
bers of the Campy lob acteraceae). Campylo- 
bacter curvus and C. rectus (formerly classified as 
W. curva and W. recta) share the common char- 
acteristics of W. succinogenes (Table 1). Charac- 
teristics that differentiate W. succinogenes from 
the Campylobacter species are shown in Table 2. 
Further differentiation is required from other 
non-fermentative species that either corrode 
agar (Eikenella corrodens) or demonstrate a 
formate- and fumarate -utilizing metabolism. E. 
corrodens (family Neisseriaceae) may be 
distinguished by its growth on agar surfaces in 



air with 10% carbon dioxide, growth in the pres- 
ence of 4 pg/ml clindamycin, lack of active cell 
motility, lack of growth in media supplemented 
with formate and fumarate without nitrate, 
and by the presence of lysine and ornithine 
decarboxylases. 

Nowadays, accurate species identification has 
become quite feasible using one or more of the 
following methods. 

Elisa. Several antisera raised against sub- 
units of W. succinogenes electron transport 
enzymes may be used for identification. How- 
ever, the antiserum raised against the catalytic 
subunit (FrdA) of the fumarate reductase 
notably cross-reacted with the corresponding 
protein of Helicobacter pylori (Birkholz et al., 
1994). 

Gel Electrophoresis. Sonicated whole cell 
preparations of W. succinogenes and close rela- 
tives were run on SDS-polyacrylamide gels 
(Tanner, 1986). Each species demonstrated a dif- 
ferent protein profile when gels were stained 
with a conventional silver stain (Fig. 3). Notably, 
C. rectus was most easily distinguished from the 
other species by the presence of yellow-staining 
bands at an approximate molecular weight of 
25 kDa. 

Profiling of Fatty Acids and Lipopolysaccha- 
rides. Differentiation of W. succinogenes from 
related species was accomplished by analysis of 
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Table 2. Characteristics that differentiate Wolinella succinogenes from various Campylobacter species. 



Characteristic 


Wolinella 

succinogenes 


Campylobacter 

curvus 


Campylobacter 

rectus 


Campylobacter 

gracilis 


Campylobacter 

concisus 


Source of isolation 


Bovine rumen 


Human clinical 


Human clinical 


Human clinical 


Human clinical 


Dominant cell shape 


Helical 


Curved 


Straight* 


Straight 


Curved 


Cells motile by flagellum 








- 




Double yellow bands in 

SDS-PAGE (20-25 kDa) 
Growth on agar containing; 












NaF (0.5 g/liter) 




- 


- 






Oxgall (10 g/liter) 






- 


V 




Deoxycholate (1 g/liter) 






- 






Janus green (0.1 g/liter) 






- 






Basic fuchsin (0.032 g/liter) 






- 






Cystal violet (0.005 g/liter) 




- 


- 


V 




Indulin scarlet (0.5 g/liter) 


- 




- 


- 


- 


Penicillin (4-16 |ig/ml) 






- 


V 


V 


Polymixin B (2-4 |ig/ml) 






- 


- 


- 



Data from Tanner et al., 1981, 1984; Tanner, 1986. 

""C. rectus demonstrates an unusual ultrastructure, having hexagonal units in the cell wall. 
+, positive feature; -, negative feature; V, variable feature. 



205.000 

116.000 
97,400 

66,000 

45,000 



29,000 



20,100 

12345678 9 

Fig. 3. Silver stained SDS-poly acrylamide gel of sonicated 
whole cells of species with a formate and fumarate metabo- 
lism. The running and stacking gels contained 14% and 4% 
acrylamide respectively. The current was run at 15 mA per 
0.75 mm thick gel. The arrow indicates the level of yellow- 
staining bands of Campylobacter rectus isolates in lanes 4 and 
5. Lane 1, high-molecular- weight standard mixture; lane 2, 
Wolinella succinogenes ATCC 29543^; lane 3, C. curvus 
ATCC 35244^; lanes 4 and 5, C. rectus strains ATCC 33238^ 
and FDC 267; lane 6, C. concisus ATCC 33237^; lane 7, C. 
sputorum ATCC 35980^ (VPI S-17); lane 8, C. gracilis ATCC 
33236^; and lane 9, Bacteroides ureolyticus VPI 7815. 




either cellular fatty acids (Brondz and Olsen, 
1991) or lipopolysaccharides (Kokeguchi et al, 
1991; Firoozkoohi et al., 1997). Fatty acids were 
identified and quantified by gas chromatography 
and gas chromatography-mass spectrometry. 
Lipopolysaccharides were extracted from cells 
by a hot phenol-water method and further puri- 
fied by nuclease treatment and by repeated ultra- 
centrifugation. Purified lipopolysaccharides 
were examined by SDS-PAGE and subsequent 
staining of the gel or by quantification of fatty 
acid and sugar composition. 

Genetic Methods. W. succinogenes was dis- 
criminated from Campylobacter species by 
restriction fragment length polymorphism 
(RFLP) analysis of a PCR-amplified fragment of 
the gene encoding 16S rRNA (Cardarelli-Leite 
et al., 1996). Furthermore, specific DNA probes 
generated by PCR using nucleotide sequences of 
genes encoding electron transport enzymes may 
be applied for identification of W. succinogenes 
(see [Genetics]). 



Cultivation 

W. succinogenes can be cultivated using minimal 
media containing appropriate electron donor 
and electron acceptor substrates according to the 
various modes of anaerobic respiration (Table 3 
and [Physiology]). The medium for growth with 
formate and fumarate is presented in the section 
[Isolation]. In this section, media are shown in 
which fumarate is replaced by either nitrate or 
polysulfide. For growth with H 2 , formate is left 
out of the medium and the cultures are stirred 
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under an atmosphere of H 2 (150 kPa). Further 
media are described in the literature for growth 
with sulfide and fumarate (Macy et al, 1986), 
formate and DMSO (Lorenzen et al, 1994), for- 
mate and nitrite (Lorenzen et al, 1993), or for- 
mate and N 2 O (Yoshinari, 1980). All media may 
be supplemented with 0.5% (w/v) yeast extract 
or 0.5% (w/v) brain-heart-infusion broth; this 
addition raises slightly the growth rate and the 
growth yield. The addition of brain-heart- 
infusion broth is recommended when the cells 
are cultivated on agar plates. The cells may be 
spread on an agar plate or, alternatively, may be 
mixed with medium containing 2.6% (w/v) 
brain-heart-infusion agar and the mixture 
poured into a Petri dish. 

2. Minimal medium for growth with formate and 
nitrate. 



Tris 


6.1 g 


Potassium nitrate 


2.0 g 


Sodium formate 


5.4 g 


Dipotassium hydrogen phosphate 


0.2 g 


Potassium sulfate 


0.9 g 


Disodium succinate 


0.8 g 


Glutamic acid 


0.1 g 


Cysteine 


69 mg 


Calcium/magnesium stock solution 


4.0 ml 


(see [Isolation]) 




Trace element solution (see [Isolation]) 


0.2 ml 


Distilled water 


1000.0 ml 



Combine the medium components and adjust the pH to 
7.5. Make the medium anoxic by alternate evacuation and 
flushing with N 2 using appropriate glassware, and sterilize 
by autoclaving. 

3. Minimal medium for growth with formate and 
polysulfide. 



Bicine 


9.0 g 


Sodium acetate 


2.4 g 


Sodium formate 


3.4 g 


Dipotassium hydrogen phosphate 


4.0 g 


Ammonium chloride 


0.6 g 


Sodium sulfide 


0.6 g 


Glutamic acid 


0.1 ml 


Calcium/magnesium stock solution 


1.0 ml 


(see below) 




Trace element solution (see below) 


0.4 ml 


Distilled water 


1000.0 ml 



Sodium tetrathionate dihydrate stock solution: 



Tetrathionate 30.6 g 

Distilled water 100.0 ml 

Sodium hydroxide stock solution; 

Sodium hydroxide 8.0 g 

Distilled water 100.0 ml 

Combine the medium components and adjust the pH to 
8.2. Sterilize the medium by autoclaving and make it 
anoxic by flushing with N 2 while stirring. After inocula- 
tion add 1 ml of the sodium tetrathionate stock solution 
and 1 ml of the sodium hydroxide stock solution. These 
additions are repeated after decolorization of the 
medium due to polysulflde reduction. 



Preservation 

W. succinogenes cells may be maintained in the 
laboratory by weekly transfer on the media 
described in the section [Cultivation]. Cells may 
be stored frozen either in liquid nitrogen or at 
-70°C. For longterm maintenance, cells are cen- 
trifuged and resuspended in 5% of the volume 
in the same medium. The suspension is mixed 
with the same volume of sterile glycerol (86%, 
v/v), incubated for 5 min at 37°C and stored in 
1-ml portions in reaction tubes at -70°C. See The 
Anaerobic Way of Life in the second edition; 
anaerobism; ATP, electron acceptor; proton 
translocation; menaquinone; dicarboxylic acid. 



Physiology 

Energy Metabolism 

W. succinogenes can grow only by anaerobic res- 
piration and does not ferment carbohydrates 
(Wolin et al., 1961). Growth is sustained by the 
reduction of fumarate, nitrate, nitrite, N 2 O, 
polysulfide ([S]), or dimethylsulfoxide (DMSO) 
as terminal electron acceptor and formate as 
electron donor (reactions a-f in Table 3). The 
stoichiometry of reactions (a), (b), (c), and (e) 
was confirmed experimentally with growing cul- 
tures, and cell formation was shown to be pro- 
portional to substrate consumption and product 
formation. Polysulfide is the actual terminal elec- 
tron acceptor of sulfur respiration with W. succi- 
nogenes. Polysulfide is formed abiotically from 
elemental sulfur in sulfide solutions. Sulfate, 
thiosulfate, organic disulfides (R-S-S-R) and 
trimethylamine-N-oxide (TMAO) are not used 
as terminal electron acceptors. Growth is 
observed with fumarate, nitrate, polysulfide or 
DMSO when formate is replaced by H 2 . W. suc- 
cinogenes also can grow by fumarate respiration 
with sulfide as electron donor (reaction g; Macy 
et al., 1986). 

The ATP required for growth is synthesized 
according to the mechanism of oxidative phos- 
phorylation. Reactions (a)-(g) are envisaged to 
be coupled to the generation of an electrochem- 
ical proton potential (Ap) across the cytoplasmic 
membrane. In the second step, the free energy 
stored in the Ap is used for ATP synthesis from 
ADP and inorganic phosphate. The latter reac- 
tion is catalyzed by an ATP synthase. The ATP 
synthase of W. succinogenes is similar to those of 
aerobic or phototrophic bacteria (Bokranz et al., 
1985a and b). When incorporated into liposomes, 
the isolated enzyme catalyzes ATP synthesis at 
the expense of an artificial Ap across the liposo- 
mal membrane. The measured Ap generated by 
reactions (a), (b), (c), (e) or (g) was 160-180 mV, 
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Table 3. Catabolic reactions sustaining growth of W. succinogenes. 



Growth reaction 


td 

(h) 


Y 

(g dry cells/mol formate) 


Reference 


(a) HC 0"2 + Fumarate + H+ — > CO 2 + Succinate 


1.5 


7.0 


Bronder et al., 1982 


(b) HC 0~2 + N 0~3 + H+ ^ CO 2 + N 0“2 + H 2 O 


1.4 


5.2 


Bokranz et al., 1983 


(c) 3 HCO -2 + NO -2 + 5H+ ^ 3 CO 2 + NH -4 + 2 H 2 O 


1.4 


5.2 


Bokranz et al., 1983 


(d) HCO -2 + N 2 O + H+ ^ CO 2 + N 2 + H 2 O 


<2.T 


5.T 


Yoshinari, 1980 


(e) HC 0“2 + [S] ^ CO 2 + HS“ 


2.3 


3.2 


Klimmek et al., 1991 


(f) HCO -2 + (CH 3 > 2 S 0 + H+ ^ CO 2 + (CH 3 > 2 S + H 2 O 


14 


6.7 


Lorenzen et al., 1994 


(g) HS" + Fumarate + FI+ — > [S] + Succinate 


3.6 


2.4^ 


Simon et al., 1998 



'evaluated from the data of Yoshinari (1980); ’^g dry cells/mol fumarate. 



which is sufficient to drive ATP synthesis at a ff/ 
ATP ratio of 3 (Mell et al, 1986; Brune et al, 
1987; Wloczyk et al., 1989; Hedderich et al., 1999; 
Simon et al., 2000). 

Biosynthetic Metabolism 

Fumarate can be used as the sole source of car- 
bon during growth of W. succinogenes by fuma- 
rate respiration in a minimal medium (Bronder 
et al., 1982). Fumarate can be replaced by L- 
malate, L-aspartate, or L-asparagine (Wolin 
et al., 1961; Kafkewitz, 1975). Both the growth 
rate and yield of W. succinogenes cultivated in 
fumarate-containing medium nearly double 
when glutamate is present. The growth parame- 
ters in medium with yeast extract are slightly 
higher than they are in medium with glutamate. 
When grown in a minimal medium with nitrate, 
W. succinogenes required succinate as carbon 
source (Bokranz et al., 1983). Succinate could be 
substituted by malate, fumarate or L-asparagine, 
whereas oxaloacetate, pyruvate, bicarbonate, 
acetate, propionate, butyrate, L-glutamate, D- 
aspartate, or 5-aminolevulinic acid could not 
replace succinate (Niederman and Wolin, 1972). 
When polysulfide serves as terminal electron 
acceptor, acetate and glutamate are used as car- 
bon sources in a minimal medium (Macy et al., 
1986). While sulfate is used as the source of sul- 
fur during growth with fumarate, either sulfide 
or cysteine has to be supplied for growth by 
nitrate respiration (Bokranz et al., 1983). 

The biosynthetic metabolism of fumarate was 
elucidated using labeled fumarate (Fig. 4; 
Bronder et al., 1982). In addition, the specific 
activities of the key anabolic enzymes were mea- 
sured. The synthesis of each aspartate and ala- 
nine residue of bacterial protein was found to 
be from one fumarate molecule, whereas the 
synthesis of each glutamate was found to be 
from two fumarate molecules, suggesting that 
glutamate is formed via citrate. In agreement 
with this view, W. succinogenes was found to con- 
tain citrate synthase; however, the specific activ- 
ity was very low. During growth with glutamate 
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Fig. 4. Biosynthetic pathways of W. succinogenes growing 
with fumarate (boxed) as sole carbon source (Bronder et al., 
1982). For details see subsection [Biosynthetic metabolism]. 



and fumarate, W. succinogenes specifically incor- 
porated the carbon of glutamate into the resi- 
dues of the glutamate family (glutamate, 
glutamine, proline and arginine) of the bacterial 
protein. This suggests that growth in the absence 
of glutamate would be limited by glutamate bio- 
synthesis. While approximately half of the added 
glutamate was incorporated into bacterial pro- 
tein, the residual glutamate was oxidized to suc- 
cinate. The reducing equivalents liberated in the 
latter process are used in biosynthesis. Hence, 
the catabolic electron donors H 2 or formate are 
not involved in biosynthesis, in agreement with 
the absence of enzymes catalyzing the reduction 
of NAD, NADP or ferredoxin by H 2 or formate. 
As an important consequence, W. succinogenes 
can be grown at limiting energy supply in contin- 
uous culture by making the concentration of for- 
mate in the medium growth limiting. Under 
these conditions, the growth yield was measured 
to be 43% higher than that during growth at 
limiting fumarate concentration (Mell et al., 
1982). 

Electron Transport Enzymes 

Fumarate reductase, hydrogenase, formate 
dehydrogenase, nitrite reductase, and polysulfide 
reductase are the key enzymes of anaerobic 
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Fig. 5. Composition and orientation of hydrogenase (HydA, 
B, C) and of fumarate reductase (FrdA, B, C) in the mem- 
brane of W. succinogenes, and hypothetical mechanism of Ap 
generation by fumarate respiration with molecular hydrogen 
as electron donor. Hydrogenase is anchored in the mem- 
brane by its HydC subunit and the C-terminal hydrophobic 
region of HydA (Gross et al., 1998a). Ni, nickel ion; Fe/S, 
iron-sulfur centers; Cyt. b, diheme cytochrome b; MK, 
menaquinone. 



fumarate respiration, nitrite respiration and 
polysulfide respiration, with molecular hydrogen 
or formate serving as electron donor (Table 3). 
These five enzymes are discussed below in more 
detail. Other electron transport enzymes have 
not been isolated, i.e., the nitrate reductase, the 
dimethylsulfoxide (DMSO) reductase, or the sul- 
fide dehydrogenase that serves in fumarate res- 
piration with sulfide as electron donor. The 
nitrous oxide reductase was isolated as a dimer 
with a molecular weight of 162,000 (Terguchi and 
Hollocher, 1989). 

Fumarate Reductase Fumarate reductase cata- 
lyzes the reduction of fumarate by menaquinol 
(MKH 2 ; Unden et al., 1980; Unden and Kroger, 
1982; Kroger et al., 1992). The enzyme consists 
of three different subunits and is anchored in the 
membrane by FrdC, a diheme cytochrome b that 
interacts with the quinol (Fig. 5; Unden et al., 
1980; Kortner et al., 1990; Lauterbach et al., 
1990). The crystal structure of W. succino genes 
fumarate reductase has been solved at 2.2 A 
resolution (Lancaster et al., 1999). The subunit 
FrdB carries three iron-sulfur centers and lies 
between FrdC and the catalytic subunit FrdA to 
which FAD is covalently linked. The fumarate 
catalytic site protrudes 40 into the cytoplasm. 
Fumarate is bound close to the fiavin and is prob- 
ably reduced by hydride transfer from N5 of 
reduced fiavin. Tdiere is a pathway for single elec- 
tron transfer extending from the heme groups 
via the iron-sulfur centers to the fiavin. The [3Fe- 
4S] iron-sulfur center is closest to the heme 
group situated next to the cytoplasmic mem- 
brane surface, and the [2Fe-2S] center is closest 
to the flavin. Electron transfer between these 



two centers is mediated by the [4Fe-4S] center. 
When viewed along the membrane normal, the 
heme groups are on top of each other with their 
planes perpendicular to the membrane surface 
and with an interplanar angle of 95°. The centers 
of the heme groups are only 15.6 Apart, sug- 
gesting a role in electron transfer for both heme 
groups. The site of quinol oxidation on FrdC is 
not seen. The structure of E. coli fumarate reduc- 
tase is similar to that of W. succinogenes with 
respect to the hydrophilic subunits FrdA and 
FrdB (Iverson et al., 1999). The enzymes differ 
in their membrane anchor domains. Tbe subunits 
FrdC and FrdD, which carry two menaquinone 
(MK) molecules but no heme, anchor the E. coli 
enzyme. 

Hydrogenase Hydrogenase is bound to the 
membrane of W. succinogenes and catalyzes the 
reduction of menaquinone (MK) by H 2 (Fig. 5; 
Dross et al., 1992). The enzyme consists of three 
different subunits, HydA, B and C. The two 
hydrophilic subunits HydA and HydB are simi- 
lar to the two polypeptides making up the peri- 
plasmic Ni (nickel)-%drogenases with known 
crystal structures from two Desulfovibrio species 
(Volbeda et al., 1995; Higuchi et al., 1997). The 
larger subunit HydB carries the Ni/Fe catalytic 
center, and HydA carries three iron-sulfur cen- 
ters. The structures suggest that H 2 is split into 
electrons and protons at the catalytic center. The 
protons are released on the surface of HydB 
through a proton pathway, while the electrons 
are guided by the three iron-sulfur centers to the 
binding site of the electron acceptor on the sur- 
face of HydA. Because nearly all the relevant 
residues are conserved in the membrane-bound 
Ni-hydrogenases, the same catalytic mechanism 
likely applies to these enzymes. In the enzyme of 
W. succinogenes, the electrons are transferred 
from HydA to the third subunit (HydC), a 
diheme cytochrome b that is integrated into the 
membrane and reacts with MK (Gross et al., 
1998a; and 1998b). The catalytic subunit of HydB 
is oriented to the periplasmic side of the mem- 
brane. The subunit HydA carries a C-terminal 
hydrophobic helix that is integrated into the 
membrane. Such a hydrophobic C-terminus with 
a conserved histidine residue is predicted to 
occur in the HydA subunits of all membrane- 
bound Ni-hydrogenases and is missing in the 
periplasmic enzymes. 

Formate Dehydrogenase Formate dehydroge- 
nase catalyzes the reduction of menaquinone 
(MK) by formate (Unden and Kroger, 1982; 
Bokranz et al., 1991). The enzyme consists of two 
hydrophilic subunits, FdhA and FdhB, and of 
FdhC, a cytochrome b that is integrated into the 
membrane and reacts with MK (Fig. 6). The sub- 
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Fig. 6. Composition and orientation of formate dehydroge- 
nase (FdhA, B, C) and of nitrite reductase (NrfA, H) in the 
membrane of W. succino genes, and hypothetical mechanism 
of Ap generation by nitrite respiration with formate as elec- 
tron donor. The substrates and products of nitrite reduction 
are drawn in their neutral forms for simplicity. Mo, molybde- 
num linked to molybdopterin guanine dinucleotide; Fe/S, 
iron-sulfur centers; Cyt. b, cytochrome b\ Cyt. c, cytochrome 
c. (See The Dissimilatory Sulfate- and Sulfur-Reducing 
Prokaryotes in the second edition; elemental sulfur). 



unit FdhC is similar to HydC of W. succinogenes 
hydrogenase and carries probably two heme B 
groups (Gross et al., 1998b). W. succinogenes 
contains a single formate dehydrogenase, but 
two gene loci code for the subunits of the enzyme 
(Lenger et al, 1997). These /J/i operons differ in 
their promoter regions, but are nearly identical 
in their gene sequences. Deletion mutants lack- 
ing one of the operons still grow with formate as 
electron donor. The formate dehydrogenases of 
the mutants appear to be identical. 

The catalytic subunit FdhA contains molyb- 
denum ligated by molybdopterin guanine dinu- 
cleotide and is predicted to carry a tetranuclear 
iron sulfur center (Bokranz et al., 1991; 
Jankielewicz et al., 1994). The subunit FdhB is 
predicted to carry four tetranuclear or one 
trinuclear and three tetranuclear iron-sulfur cen- 
ters. The sequence of FdhA is similar to those of 
several other molybdo-oxidoreductases whose 
crystal structures are known, including formate 
dehydrogenase H of Escherichia coli (Boyington 
et al., 1997). The structures of these enzymes 
share a deep crevice extending from the surface 
of the subunit to the molybdenum, the site of 
substrate conversion. In E. coli formate dehydro- 
genase H, an iron-sulfur center is localized at an 
appropriate distance to allow rapid electron 
transfer from the molybdenum site. This suggests 
that formate is split at the molybdenum site to 
yield two electrons, CO2 and a proton. While the 
electrons are transferred to the iron-sulfur cen- 
ter, CO2 and the protons probably leave the cat- 



alytic site via the substrate crevice. Therefore, 
the protons produced from formate are thought 
to be liberated at the surface of FdhA whereas 
the electron transfer from FdhA to FdhC is 
thought to be mediated by the iron-sulfur centers 
of FdhB (Fig. 6), similar to the mechanism pro- 
posed for hydrogenase (Fig. 5). The formate 
catalytic site of W. succinogenes formate dehy- 
drogenase is exposed to the periplasm (Kroger 
et al., 1980). 

Nitrite Reductase The nitrite reductase of W. 
succinogenes catalyzes the reduction of nitrite to 
NH/ by menaquinol (MKH2; Fig. 6; Simon et al., 
2000). The enzyme consists of the hydrophilic 
catalytic subunit NrfA and the quinone reactive 
subunit NrfH that probably anchors the enzyme 
in the membrane by a single hydrophobic helix 
at its N-terminus. Hie subunit NrfH belongs to 
the c-type cytochromes of the NapC/NirT family 
(Roldan et al., 1998). Subunits NrfA and NrfH 
are predicted to carry five and four heme C 
groups, respectively. The subunit NrfA catalyzes 
nitrite reduction by reduced benzyl viologen, but 
NrfA does not react with quinols. NrfA-like 
nitrite reductases have been isolated from vari- 
ous bacteria, including W. succinogenes, Escher- 
ichia coli and Sulfurospirillum deleyianum (Liu 
et al., 1983; Schroder et al., 1985; Schumacher et 
al., 1994). The subunit NrfA of W. succinogenes 
is similar to NrfA of S. deleyianum (75% iden- 
tity), whose crystal structure is known (Einsle et 
al., 1999). Four heme groups of this enzyme are 
bound to conventional CxxCH motifs. The fifth 
heme group is bound to a CxxCK motif and is 
localized near the substrate site of the enzyme. 

Polysulfide Reductase Polysulfide reductase 
catalyzes the reduction of polysulfide by BH4" as 
well as sulfide oxidation to polysulfide by 2,3- 
dimethyl- 1,4-naphthoquinone (Hedderich et al., 
1999). The enzyme consists of two hydrophilic 
subunits (PsrA and PsrB) and a hydrophobic 
subunit (PsrC) that anchors the enzyme in the 
membrane (Fig. 7). The catalytic subunit (PsrA) 
is exposed to the periplasm (Krafft et al., 1995). 
Polysulfide reductase contains molybdenum and 
molybdopterin guanine dinucleotide (Jankie- 
lewicz et al., 1994). The sequences of PsrA and 
the catalytic subunits of the formate dehydroge- 
nases (FdhA) of W. succinogenes and Escheri- 
chia coli are similar and have the cysteine 
residues that are typical for a tetranuclear iron- 
sulfur center (Krafft et al., 1992). The similarity 
of PsrA to the catalytic subunits of the formate 
dehydrogenases suggests similar catalytic mech- 
anisms. The electrons for polysulfide reduction at 
the molybdenum site are probably provided via 
the iron-sulfur centers of PsrA and of PsrB (both 
are iron-sulfur proteins), while the protons 
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Fig. 7. Composition and orientation of Ni/Fe hydrogenase 
(HydA, B, C) and of polysulfide reductase (PsrA, B, C) in 
the membrane of W. succinogenes; the two enzymes make up 
the electron transport chain catalyzing polysulfide respira- 
tion with molecular hydrogen in W. succinogenes. Polysul- 
fide-sulfur transferase (Sud) is described in subsection 
[Polysulfide respiration]. Mo, molybdenum linked to molyb- 
dopterin guanine dinucleotide; Ni, nickel ion; Fe/S, iron- 
sulfur centers; Cyt. b, cytochrome b; MKb, menaquinone 
bound to PsrC. 



required for HS“ formation enter the catalytic 
site via a channel in PsrA (Fig. 7). Bound 
menaquinone is assumed to serve as the pros- 
thetic group of PsrC that accepts the electrons 
delivered by hydrogenase or formate dehydroge- 
nase (Hedderich et al, 1999). The subunit PsrC 
does not carry heme. 

In contrast to the wild-type strain, a mutant 
(ApsrABC) lacking the psrABC operon does not 
catalyze polysulfide reduction by H 2 or formate 
when grown with fumarate as terminal electron 
acceptor (Krafft et al., 1995). Surprisingly, the 
mutant does grow with polysulfide, then forming 
a membrane-integrated enzyme that replaces 
polysulfide reductase. This enzyme has not been 
isolated as yet. Its properties appear to differ 
considerably from those of the polysulfide reduc- 
tase enzyme. The enzyme does not cross-react 
with an antiserum raised against PsrA. Like 
polysulfide reductase, the enzyme catalyzes 
sulfide oxidation by 2,3-dime thyl-1, 4-naphtho- 
quinone. However, the apparent Km values for 
sulfide differ drastically. The value measured 
with polysulfide reductase is 25 mM and that of 
the enzyme induced in the ApsrABC mutant is 
approximately 1 mM (Klimmek, 1996). The 
enzyme present in the mutant is apparently 



absent from the wild-type strain, as suggested by 
this difference in the apparent Ku values. 

Fumarate Respiration and 
Dicarboxylate Transport 

The electron transport chain catalyzing fumarate 
respiration with H 2 consists of hydrogenase, 
menaquinone (MK) and fumarate reductase 
(Fig. 5). This was shown by restoring the activity 
of electron transport in liposomes containing the 
isolated enzymes (Graf et al., 1985; Kroger et al., 
1992). Formate dehydrogenase replaces hydro- 
genase in the chain using formate as electron 
donor (Unden and Kroger, 1982). The electro- 
chemical proton potential (Ap) is thought to be 
generated by the reduction of MK with H 2 (Fig. 
5) or formate (according to Fig. 6; Kroger, 1978; 
Mell et al., 1986; Kroger et al., 1992; Geisler et 
al., 1994; Gross et al., 1998a). The protons gen- 
erated from H 2 at the substrate site of the hydro- 
genase are released on the periplasmic side of 
the membrane, while the protons consumed by 
MK reduction are taken up from the cytoplasmic 
side. The oxidation of MKH 2 by fumarate does 
not contribute to Ap generation. The protons 
generated by MKH 2 oxidation via fumarate 
reductase are liberated on the cytoplasmic side, 
and the same number of protons are consumed 
by the reduction of fumarate, which also occurs 
on the cytoplasmic side of the membrane. Thus 
the Ap in fumarate respiration of W. succino- 
genes is generated by transmembrane electron 
transport without proton translocation. 

The H7electron ratio postulated by the mech- 
anism of Fig. 5 is consistent with the experimen- 
tally determined ratio of approximately one 
(Mell et al., 1986). The mechanism of Fig. 5 was 
confirmed by the observation that the reduction 
by H 2 of 2,3-dimethyl-l, 4-naphthoquinone 
(DMN), a water-soluble MK analogue, is cou- 
pled to the generation of a Ap, whereas fumarate 
reduction by DMNH 2 is not (Geisler et al., 1994). 
Furthermore, coupled fumarate respiration was 
observed with liposomes containing hydroge- 
nase, MK and fumarate reductase (A. Kroger, 
unpublished observation). Fumarate reduction 
by H 2 generated a Ap of approximately 100 mV 
across the liposomal membrane (positive out- 
side). Only fumarate reductase molecules 
exposed to the outside of the liposomes are 
expected to participate in the electron transport 
because the permeation of fumarate across the 
liposomal membrane should be very slow. Thus 
the direction of the Ap appears to be indepen- 
dent of the orientation of fumarate reductase, in 
agreement with the mechanism of Fig. 5. 

Because the substrate site of fumarate reduc- 
tase faces the bacterial cytoplasm, fumarate and 
succinate have to be transported across the 
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Fig. 8. Transport of fumarate and succinate across the mem- 
brane of W. succino genes. (A) Na^ dependent electroneutral 
antiport; (B) electrogenic uniport; (C) electrogenic antiport. 
ET, electron transport chain of fumarate respiration with 
molecular hydrogen as electron donor (see Fig. 5 for more 
detail). 



membrane of W. succinogenes (Fig. 8). The fuma- 
rate that is converted to succinate in growing 
bacteria is taken up in exchange for succinate 
(Fig. 8A). This antiport process was found to be 
electroneutral in the presence of Na^ (Ullmann 
et al., 2000). In the absence of Na^, the cells take 
up fumarate in an electrogenic process according 
to the uniport (Fig. 8B) and the antiport (Fig. 8C) 
mechanism. The uniport process probably serves 
in the uptake of fumarate as a carbon source. In 
the absence of Na^, the antiport process was 
found to dissipate the Ap generated by electron 
transport. This is probably the reason why W. 
succinogenes does not grow without Na^ in the 
medium. In the absence of Na^, resting cells cat- 
alyze fumarate reduction by H 2 or formate, but 
a Ap is not generated. In contrast, inverted mem- 
brane vesicles catalyze fumarate reduction with 
H 2 but generate a Ap in the presence or absence 
of Na^. The transporters DcuA and DcuB of 
W. succinogenes, which are similar to the Dcu 
transporters of Escherichia coli, catalyze the 
transport of fumarate, succinate and other C4- 
dicarboxylates (Six et al., 1994). A mutant of 
W. succinogenes that lacks both Dcu transport- 
ers does not grow by fumarate respiration, but 
the mutant still takes up dicarboxylates as a 
carbon source (Ullmann et al., 2000). (See The 
Dissimilatory Sulfate- and Sulfur-Reducing 
Prokaryotes in the second edition; elemental 
sulfur). 

Nitrite Respiration 

Liposomes containing formate dehydrogenase, 
menaquinone (MK) and nitrite reductase cata- 
lyze electron transport from formate to nitrite. 



This is coupled to the generation of an electro- 
chemical proton potential (Ap) across the liposo- 
mal membrane (positive outside; Simon et al., 
2000). The mechanism of Ap generation by 
nitrite respiration (Fig. 6) is envisaged to be sim- 
ilar to that of fumarate respiration (Fig. 5). The 
mechanisms differ in the orientation of the sub- 
strate sites of the reductases, nitrite reductase 
being exposed to the outside. The MK reduction 
with formate is thought to generate Ap, while 
MKH 2 oxidation by nitrite is assumed to be elec- 
troneutral (see [Fumarate respiration and dicar- 
boxy late transport]). The protons produced by 
MKH 2 oxidation are thought to be liberated on 
the outside and to balance the protons consumed 
in nitrite reduction. 

Polysulfide Respiration 

The electron transport chain catalyzing polysul- 
fide respiration with H 2 consists of hydrogenase 
and of polysulfide reductase (Fig. 7; Hedderich 
et al., 1999). Hydrogenase is replaced by formate 
dehydrogenase in the chain when formate is used 
as the electron donor. The two dehydrogenases 
are identical with those involved in fumarate res- 
piration of W. succinogenes. The mechanism of 
electron transfer from the dehydrogenases to 
polysulfide reductase is not known. Electron 
transfer by menaquinone (MK) diffusion, as in 
fumarate respiration, appears to be unlikely 
because the standard redox potential of MK at 
pH 7.0 is more than 200 mV more electropositive 
than that of polysulfide. Experimental evidence 
suggests that electron transfer from the dehydro- 
genases to polysulfide reductase may require dif- 
fusion and collision of the enzymes within the 
membrane. The MK involved in polysulfide res- 
piration is thought to be bound to PsrC (MKb in 
Fig. 7). Bound MK probably serves as the pros- 
thetic group of PsrC and as primary acceptor of 
the electrons delivered by HydC or FdhC. The 
mechanism of Ap generation in polysulfide 
respiration is not known. Possibly, protons are 
translocated by the redox reactions of the bound 
MK. 

The Km for polysulfide measured with intact 
cells of W. succinogenes grown with polysulfide 
(7 pM) is seven times lower than that measured 
with fumarate-grown bacteria or with the mem- 
brane fraction derived from bacteria grown 
under either condition (Klimmek et al., 1998). 
The lower Km is caused by a polysulfide-sulfur 
transferase (Sud) that is induced during growth 
with polysulfide (Fig. 7). The Sud protein is local- 
ized in the periplasm; it consists of two identical 
subunits (14.3 kDa each) and does not contain 
prosthetic groups or heavy metal ions. The Sud 
protein binds sulfur from aqueous polysulfide 
solutions and probably transfers it to the cata- 
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lytic site of polysulfide reductase. Sulfur is 
covalently bound to the single cysteine residue 
of the Sud protein (Klimmek et al., 1999). 



Genetics 

Genetic Information 

The G+C content of the DNA of W. succinogenes 
is 47 mol% (Tm); this number agrees well with 
the G+C contents of sequenced regions depos- 
ited in the data banks (47.6-50.0 mol%). A nota- 
ble exception is the DNA of an insertion 
sequence (\S1302) whose G+C content is only 
33.8 mol% (Simon and Kroger, 1998). IS7502 is 
1,306 bp in size, with 36-bp imperfect terminal 
repeats, and belongs to the IS3 family of inser- 
tion sequences. As suggested by Southern-blot 
analysis, at least 13 copies are present in the 
genome. Insertion of IS1302 resulted in a dupli- 
cation of 3 bp of the target DNA. IS1302 encodes 
a putative transposase whose predicted amino 
acid sequence is similar to those of transposases 
of various IS3 family elements. IS1302 may have 
been acquired from another organism inasmuch 
as the G+C contents of IS elements are usually 
in line with the G+C contents of the host DNA. 

In recent years, a growing number of genes 
from W. succinogenes have been cloned and 
sequenced, including the operons encoding the 
subunits of fumarate reductase (frdCAB), of 
hydrogenase (hydABC), of poly sulfide reductase 
{psrABC) and of nitrite reductase {nrfHA\ 
Lauterbach et al., 1990; Kortner et al., 1990; 
Dross et al., 1993; Krafft et al., 1992; Simon 
et al., 2000). Lenger et al. (1997) detected two 
operons encoding the subunits of formate dehy- 
drogenase (fdhABCy, the operons differ in their 
promoter regions, but are nearly identical in 
their gene sequences. Other sequenced genes 
encode C 4 -dicarboxylate transporters (dcuA, 
dcuB, dctPQM), L-asparaginase (ansA), L- 
aspartase (aspA), the two subunits of fumarase 
(fumBa and fumBp), and the poly sulfide-sulfur 
transferase (sud). 

Genetic Manipulation 

Transformation of W. succinogenes cells with 
plasmid DNA was achieved by electroporation 
under anaerobic conditions (Krafft et al., 1995; 
Simon et al., 1998). Cells were grown in media 
containing either fumarate or nitrate as terminal 
electron acceptor (see [Cultivation]) and were 
harvested in the exponential growth phase. The 
cells were washed with 0.3 M sucrose and sus- 
pended (10 g protein/liter) in growth medium. 
After addition of plasmid DNA (5-10 pg to 
50 pi bacterial suspension), the mixture was sub- 



jected to electroporation in a 0.2-cm pathlength 
cuvette (25 pF capacity, 1.5 kV, 800 co resistance). 
Anoxic growth medium (1 ml) was added; the 
bacteria were incubated for 2 h at 37°C and 
plated on agar medium containing an appropri- 
ate antibiotic. 

Selection of transformants was accomplished 
using antibiotic resistance genes. The kanamycin 
resistance gene {kan) derived from the Escheri- 
chia coli plasmid pUC4K (Oka et al., 1981; Vieira 
and Messing, 1982) and the chloramphenicol 
resistance gene {cat) were obtained from the E. 
coli IHelicobacter pylori shuttle vector pDF4a 
(Haas et al., 1993). For selection, 25 pg/ml kan- 
amycin or 12.5 pg/ml chloramphenicol is suitable. 

Up to now, no plasmid replication was 
observed in W. succinogenes. Therefore, the gen- 
eration of colonies on agar plates containing an 
antibiotic is dependent on recombination of the 
plasmid and the genome. Fragments of genomic 
DNA were replaced with a resistance gene by 
double homologous recombination. Using this 
method, various deletion mutants, each lacking, 
for example, an operon encoding an electron 
transport enzyme, were constructed. These 
strains comprise W. succinogenes AfrdCAB 
(Simon et al., 1998), W. succinogenes AhydABC 
(Gross et al., 1998a), W. succinogenes ApsrABC 
(Krafft et al., 1995), and mutants lacking either 
one of the two fdh operons (Lenger et al., 1997). 
The mutants W. succinogenes AfrdCAB and W. 
succinogenes AhydABC were complemented by 
single crossover events of the mutant genome 
and plasmids carrying the entire frdCAB or hyd- 
ABC operon (Simon et al., 1998; Gross et al., 
1998a). This approach enabled the performance 
of site-directed mutagenesis of the two operons 
in W. succinogenes. 



Applications 

L- Asparaginase has been isolated from W. succi- 
nogenes (Kafkewitz and Goodman, 1974; 
Albanese and Kafkewitz, 1978). This enzyme 
inhibited growth of an in vitro culture of human 
pancreatic carcinoma cells (Wu et al., 1978) and 
was thus of particular interest for its potential 
antitumor activity. The crystal structure of W. 
succinogenes L-asparaginase, a homotetrameric 
enzyme, was determined (Lubkowski et al., 
1996). 
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Introduction 

The genus Spirochaeta includes anaerobic and 
facultatively anaerobic spirochetes that are 
indigenous to aquatic environments such as the 
mud and water of ponds and marshes. These 
spirochetes occur in nature as free-living forms; 
that is, their existence does not depend on phys- 
ical associations with other organisms (Canale- 
Parola, 1984a). 

Spirochaeta cells are helically shaped (Fig. 
1-12) and possess the typical ultrastructural 
features of spirochetes (Canale-Parola, 1984b; 
Fig. 13). The outermost structure of the cells is 
an “outer membrane,” or “outer sheath,” which 
encloses the coiled cell body (“protoplasmic cyl- 
inder”) consisting of the cytoplasm, the nuclear 
region, and the peptidoglycan-cytoplasmic mem- 
brane complex (Fig. 13). Organelles ultrastruc- 
turally similar to bacterial flagella are located in 
the area between the outer membrane and the 
protoplasmic cylinder (Fig. 13). These organelles 
are essential components of the motility appara- 
tus of spirochetes (Paster and Canale-Parola, 
1980) and are usually called “periplasmic fla- 
gella.” Other names used to designate these 
motility organelles are “periplasmic fibrils,” 
“axial fibrils,” “axial filaments,” and “endofla- 
gella.” 

One end of each periplasmic flagellum is 
inserted near a pole of the protoplasmic cylinder, 
while the other end is not inserted (Fig. 13A). 
Individual periplasmic flagella extend for most of 
the length of Spirochaeta cells so that those 
inserted near opposite ends overlap in the cen- 
tral region of the organism (Fig. 13 A). The Spi- 
rochaeta cell illustrated in Figure 13 has two 
overlapping periplasmic flagella, each inserted 
near a cell pole in a “1-2-1” arrangement. With 
one exception, all the known Spirochaeta species 
have two periplasmic flagella per cell. The excep- 
tion is the large spirochete Spirochaeta plicatilis, 
which has as many as 18-20 periplasmic flagella 
inserted near each end of the protoplasmic 
cylinder (Blakemore and Canale-Parola, 1973). 

In contrast to flagella of other bacteria, the 
periplasmic flagella of spirochetes are perma- 



nently wound around the cell body and are 
entirely endocellular (Fig. 13B). Thus, the motil- 
ity mechanism of spirochetes is different from 
that of other bacteria, which have flagella that 
function in direct contact with the external envi- 
ronment and are not wound around the cell 
body. 



Phylogeny 

Based on 16S rRNA gene sequence compari- 
sons, most members of the genus Spirochaeta 
form one of the nine phylogenetic clusters of 
the spirochetes (Fig. 14). All spirochetes are 
presently classified in the class or phylum Spir- 
ochaetes in the order Spirochetales and are 
divided into three families. The first family, 
Spirochaetaceae, contains species of the genera 
Borrelia, Brevinema, Cristispira, Spirochaeta, 
‘‘ Spironema'' and Treponema. The second pro- 
posed family, Serpulinaceae, contains the genus 
Brachyspira (Serpulina). The third family, 
Leptospiraceae, contains species of the genera 
Leptonema and Leptospira. 

Novel Spirochaeta species, or phylotypes, 
which have not yet been cultivated in vitro, have 
been identified. For example, several phylotypes 
from sulfide-rich mud (Tanner et al., 2000) and 
one associated with the gutless marine oli- 
gochete Olavius loisae (Dubilier et al, 1999) 
clearly fall within the genus Spirochaeta (Fig. 14). 
Based on microscopic observations of aquatic 
and marine sediments, it is apparent that a sig- 
nificant population of additional “uncultivable” 
spirochetes, including the type species of the 
genus, Spirochaeta plicatilis, remains to be 
identified. 

As shown in Fig. 14, the free-living, obligately 
anaerobic spirochetes from freshwater environ- 
ments, Spirochaeta stenostrepta, Spirochaeta zue- 
Izerae and Spirochaeta caldaria, are more closely 
related to members of the genus Treponema than 
to members of the genus Spirochaeta. The phy- 
logenetic clustering of these species has been 
confirmed by single-base signature analysis, i.e., 
the sequences of these species possess more 
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Figs. 1-12. Phase contrast photomicrographs of living Spirochaeta cells. Wet mount preparations. Figs. 1 and 2, Spirochaeta 
stenostrepta strain Z1 (DSM 2028, ATCC 25083). Bars = 10 pm. (From Canale-Parola et al., 1968); Figs. 3-6, Spirochaeta 
litoralis, strain R1 (DSM 2029, ATCC 27000). Bar = 5 pm. (From Hespell and Canale-Parola, 1970b); Figs. 7-9, Spirochaeta 
aurantia subsp. aurantia, strain J1 (DSM 1902, ATCC 25082), irregularly coiled (Figs. 7 and 9) and regularly coiled (Fig. 8) 
cells. Bars = 10 mm. (From Breznak and Canale-Parola, 1969); Fig. 10, Spirochaeta plicatilis. Bar = 10 pm. (From Blakemore 
and Canale-Parola, 1973); Fig. 11, Spirochaeta halophila, strain RSI (ATCC 29478). Bar = 5 pm. (From Greenberg and 
Canale-Parola, 1976); Fig. 12, Spirochaeta zuelzerae, strain ATCC 19044. Bar = 10 pm. (From Canale-Parola et al., 1968.) 
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bases found in the sequences of the treponemes 
than in the sequences of Spirochaeta species 
(Paster et al, 1991). It was speculated that these 
''Treponema-liko'' free-living spirochetes might 
represent transitional species, i.e., descendants of 
the precursors to host-associated treponemes 
(Paster et al., 1991). However, it is possible that 
the source of these species may be hosts that 
release them with their feces. Consequently, it 
would be worthwhile to screen host environ- 
ments for these species using specific DNA 
probes or oligonucleotide primers in polymerase 
chain reactions (PCRs). 



Fig. 13. (A) schematic representation of a Spirochaeta cell. 
The outermost broken line indicates the outer membrane 
(outer sheath). The protoplasmic cylinder is represented by 
the area delimited by the solid line adjacent to the outermost 
broken line. The cell has two periplasmic flagella indicated 
by the solid-dotted thin lines wound around the protoplasmic 
cylinder. The insertion points of the periplasmic flagella 
are represented by the small circles near the ends of the cell. 
(B) schematic representation of a cross section through a 
Spirochaeta cell. PF, periplasmic flagella; P-CM, peptidogly- 
can-cytoplasmic membrane complex; NR, nuclear region; 
OM, outer membrane (outer sheath). 
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Fig. 14. Phytogeny of the genus Spirochaeta. The phyloge- 
netic position of known species and phylotypes of Spirocha- 
eta is shown relative to other genera of spirochetes as based 
on 16S rRNA gene sequence comparisons. GenBank acces- 
sion numbers for the 16S rRNA sequences of the species 
tested are shown. Similarity matrices were corrected for mul- 
tiple base changes by the method of Jukes and Cantor (1969). 
The neighbor-joining method (Saitou and Nei, 1987) was 
used for phylogenetic tree construction. TREECONJ^ 
software package for the Microsoft Windows environment, 
was used for the construction and drawing of evolutionary 
trees (Van de Peer et al., 1994). The scale bar represents a 
5% difference in nucleotide sequence determined by taking 
the sum of all of the horizontal lines connecting two species. 
Vertical distance has no meaning. 



Taxonomy 

Fourteen species of Spirochaeta are presently 
known (Table 1). One of these, Spirochaeta pli- 
catilis, has not been grown in pure culture, but 
its ultrastructure and some of its ecological 
characteristics have been described (Blakemore 
and Canale-Parola, 1973). Nine species {Spiro- 
chaeta stenostrepta, Spirochaeta litoralis, Spiro- 
chaeta zueizerae, Spirochaeta isovalerica, 
Spirochaeta bajacaliforniensis, Spirochaeta ther- 
mophila, Spirochaeta caldaria, Spirochaeta sma- 
ragdinae and Spirochaeta asiatica) are obligate 
anaerobes, and two species {Spirochaeta alkalica 
and Spirochaeta africana) are aerotolerant 
anaerobes. Two other species, Spirochaeta auran- 
tia and Spirochaeta halophila, are facultative 
anaerobes and characteristically produce caro- 
tenoid pigments when growing aerobically (see 
Identification). Most species of Spirochaeta are 
mesophilic, growing at optimum temperatures 
ranging from 15 to 40°C. However, the thermo- 
philic species, Spirochaeta thermophila and Spi- 
rochaeta caldaria, both from thermal springs, 
have optimum growth temperatures of 66-68 
and 48-52°C, respectively (Table 1). 

Two subspecies of Spirochaeta aurantia are 
known (Table 1). One of these (subsp. stricta) is 
characterized by significantly narrower coils than 
the other (subsp. aurantia), and its DNA pos- 
sesses a slightly lower G-hC content (Breznak 
and Canale-Parola, 1975; Canale-Parola, 1984a). 

Spirochaeta stenostrepta, Spirochaeta zueiz- 
erae, Spirochaeta caldaria and Spirochaeta 
aurantia are freshwater species, whereas 
Spirochaeta litoralis, Spirochaeta isovalerica, 
Spirochaeta bajacaliforniensis and Spirochaeta 
thermophila are marine species (Table 1) and 
require sodium ion (Na^) concentrations rang- 
ing from 200 to 480 mM for optimal growth 
(Aksenova et al., 1992; Fracek and Stolz, 1985; 
Harwood and Canale-Parola, 1983; Hespell and 
Canale-Parola, 1970b). Spirochaeta halophila 
was isolated from a high-salinity pond and grows 
optimally when 750 mM NaCl, 200 mM MgS 04 
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Table 1. Characteristics of the fourteen species of the genus Spirochaeta. 



Species 


Size^ (Fm) 


Relationship 
to O 2 


Optimum 

growth 

temperatures 

(°C) 


Habitat 


G+C content 
DNA (mol%)'’ 


1. Spirochaeta stenostrepta 


0.2-0.3 X 15-45 


OA 


30-37 


Freshwater 


60.2 


2. Spirochaeta litoralis 


0.4-0.5 X 5-7 


OA 


Near 30 


Marine 


50.5 


3. Spirochaeta zuelzerae 


0.2-0.4 X 8-16 


OA 


37-39 


Freshwater 


56.1 


4. Spirochaeta isovalerica 


0.4 X 10-15 


OA 


15-35 


Marine 


63.6-65.6 


5. Spirochaeta 
bajacaliforniensis 


0.1-0.2 X 15-45 


OA 


36 


Marine (laminated 
sediment) 


50.1 


6. Spirochaeta thermophila 


0.2-0.25 X 16-50 


OA 


66-68 


Marine (hot springs) 


52.0 


1. Spirochaeta caldaria 


0.2-0.3 X 15-45 


OA 


48-52 


Freshwater (hot springs) 


45.0 


8. Spirochaeta smaragdinae 


0.3-0.5 X 5-30 


OA 


37 


Oil field, injection water 


50.0 


9. Spirochaeta asiatica 


0.2-0.25 X 15-22.5 


OA 


35 


Alkaline lake 


49.2 


10. Spirochaeta alkalica 


0.4-0.5 X 9-18 


AT 


33-37 


Alkaline lake 


57.1 


11. Spirochaeta africana 

12. Spirochaeta aurantia"^ 


0.25-0.3 X 15-30 


AT 


30-37 


Alkaline lake 


56.1 


subsp. aurantia 


0.3 X 10-20 


FA 


25-30 


Freshwater 


62.2-65.3 


subsp. stricta 


0.3 X 10-20 


FA 


25-30 


Freshwater 


61.2 


13. Spirochaeta halophila 


0.4 X 15-30 


FA 


35-40 


High salinity 


62 


14. Spirochaeta plicatilis^ 


0.75 X 80-250 


Unknown 


Unknown 


Unknown 


Unknown 



Abbreviations: O 2 , molecular oxygen; OA, obligate anaerobic; AT, aerotolerant; FA, facultative anaerobe; and type species. 
""Lengths indicated are of the majority of cells. Shorter and longer cells are also present in cultures. 

^Buoyant density determinations, except for species 4, 6, 7, and 9-11 (determined by thermal denaturation method) and 
species 8 (determined using HPLC). 

‘'Wavelength of the cell: subsp. aurantia cells, 2.0-2.8mm; subsp. stricta cells, 1.1-1. 5mm. 



and 10 mM CaCl 2 are present in the medium 
(Greenberg and Canale-Parola, 1976). Other 
halophilic species include Spirochaeta asiatica, 
Spirochaeta alkalica and Spirochaeta africana, 
which were isolated from the sediments of alka- 
line lakes and require Na^ concentrations rang- 
ing from 850 to 1,200 mM for optimal growth 
(Zhilina et al, 1996). The latter three species are 
also alkaliphilic and growth does not occur 
below pH 8. Spirochaeta smaragdinae, isolated 
from a production water sample collected from 
an offshore oil field, requires at least 170 mM 
NaCl and grows optimally with 850 mM NaCl 
(Magot et al., 1997). 



Habitat 

Species of Spirochaeta occur, grow, and persist as 
free-living organisms in a variety of aquatic envi- 
ronments, such as the water, sediments, and 
muds of ponds, marshes, lakes, rivers, and oceans. 
Numerous strains of Spirochaeta have been iso- 
lated from various freshwater environments 
(Canale-Parola, 1984a; Pohlschroeder et al., 
1994) and from marine muds collected in Pacific 
and Atlantic coastal regions (Aksenova et al., 
1992; Fracek and Stolz, 1985; Harwood and 
Canale-Parola, 1983; Hespell and Canale-Parola, 
1970b). Using 16S rRNA phylogenetic analyses 



to investigate the microbial diversity of sulfur- 
rich black mud marine sediments. Tanner et al. 
(2000) reported the presence of several novel 
spirochete phylotypes in samples from hyper- 
saline and brackish marshes. Moreover, Weber 
and Greenberg (1981) determined that Spirocha- 
eta cells are present in salt marshes at densities 
ranging from 104 to 106 per gram (wet weight) 
of the top 1 cm of sediment. 

Selective isolation procedures did not yield 
spirochetes from deep-sea sediments and water 
from the Sargasso Sea (3,630 m) and the Puerto 
Rico Trench (8,140 m; Harwood et al., 1982b). 
These results indicate that although anaerobic 
and facultatively anaerobic free-living spiro- 
chetes are common in marine coastal environ- 
ments, they are not widely distributed in deep- 
sea regions. However, Harwood et al. (1982b) 
isolated an obligately anaerobic spirochete from 
a sample collected near a deep-sea (2,550 m) 
hydrothermal vent at the Galapagos Rift tec- 
tonic spreading center, and they observed bacte- 
ria with morphologies typical of spirochetes in 
surface scrapings from mussels present near a 
vent. The occurrence of spirochetes in this deep- 
sea region may be ascribed to vent area environ- 
mental conditions, which are favorable to the 
growth of various bacteria. Magot et al. (1997) 
isolated Spirochaeta smaragdinae from a produc- 
tion water sample collected from an offshore oil 
field of Congo, Africa, and speculated that this 
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Spirochete might be indigenous to the deep sub- 
surface waters of oil fields. 

Three alkaliphilic Spirochaeta species have 
been isolated from the sediments of alkaline 
lakes, including Spirochaeta alkalica and Spiro- 
chaeta africana from Lake Magadi, East African 
Rift, Kenya, and Spirochaeta asiatica from Lake 
Khatyn in Tuva, Central Asia (Zhilina et al, 
1996). These spirochetes grow at pHs of >9, and 
growth does not occur below pH 8. Moreover, 
these species are halophilic, requiring Na^ con- 
centrations ranging from 850 to 1,200 mM for 
optimal growth (Zhilina et al., 1996). Another 
halophilic species, Spirochaeta halophila, has 
been isolated from a high-salinity pond located 
on the Sinai shore of the Gulf of Aqaba (Green- 
berg and Canale-Parola, 1976). 

Most species of Spirochaeta are mesophilic, 
growing at optimum temperatures ranging from 
15 to 40°C (Canale-Parola, 1984a). However, 
thermophilic spirochetes have been isolated 
from various hot springs in geographically widely 
separated locations. Obligately anaerobic ther- 
mophilic spirochetes isolated from New Zealand 
thermal springs grow optimally at 45 to 50°C 
(Patel et al., 1985). Aksenova et al. (Aksenova 
et al., 1990; Aksenova et al., 1992), and Rainey 
et al. (1991) isolated (from a marine hot spring 
on the beach of Shiashkotan Island, Kuril 
Islands, Kamchatka, Russia, and a brackish hot 
spring on Raoul Island, Kermadec Archipelago, 
New Zealand) two strains of thermophilic cellu- 
lolytic spirochetes, which they named Spirocha- 
eta thermophila (Aksenova et al., 1992). 
Spirochaeta thermophila type strain grew 
between 40 and 73°C with a growth optimum of 
66 to 68°C. Strains of Spirochaeta caldaria, which 
were isolated from hot springs in Oregon and 
Utah, USA, grew optimally between 48 and 52°C 
(Pohlschroeder et al., 1994). In addition, based 
on 16S rRNA gene sequence analyses, spirochete 
phylotypes have been identified in samples from 
a hot spring (Octopus Spring) in Yellowstone 
National Park, USA (Weller et al., 1992). Thus, 
it is likely that thermophilic spirochetes are 
widely distributed in thermal spring waters. 

Isolation 

Selective Procedures 

Anaerobic and facultatively anaerobic spiro- 
chetes are readily isolated from natural environ- 
ments by means of selective procedures and 
usually grow abundantly in ordinary laboratory 
media. Anaerobic growth yields of the isolates 
range from 2 x 10^ to approximately 10^^ cells/ml, 
but commonly are 6 x 10^ to 8 x 10^ cells/ml 
(Breznak and Canale-Parola, 1975; Canale- 
Parola, 1973; Greenberg and Canale-Parola, 



1976; Harwood and Canale-Parola, 1983; 
Hespell and Canale-Parola, 1970a; Hespell and 
Canale-Parola, 1970b). Cell population doubling 
times in anaerobic cultures vary from 2.2 to 12 h, 
depending on the species and the growth con- 
ditions. Aerobically grown cultures yield from 
0.7 X 10^ to 1.2 X 10^ spirochetes/ml, with dou- 
bling times of 2 to 4 h (Breznak and Canale- 
Parola, 1975; Canale-Parola, 1973; Greenberg 
and Canale-Parola, 1976). 

A procedure in which the antibiotic rifampin 
(rifampicin) serves as a selective agent is quite 
effective for the isolation of free-living spiro- 
chetes (genus Spirochaeta) from natural environ- 
ments (Harwood et al., 1982b; Patel et al., 1985; 
Stanton and Canale-Parola, 1979; Weber and 
Greenberg, 1981). This procedure, which is 
described below, is based on the observation that 
spirochetes in general are naturally resistant to 
rifampin (Leschine and Canale-Parola, 1986; 
Stanton and Canale-Parola, 1979). Thus, spiro- 
chetes such as Spirochaeta stenostrepta and Spi- 
rochaeta aurantia grow in the presence of as 
much as 100 to 200 pg of rifampin per ml of 
medium (Leschine and Canale-Parola, 1986), 
whereas the growth of many other bacteria is 
inhibited. The resistance of spirochetes to 
rifampin is probably due to the low affinity of 
their RNA polymerase for the antibiotic (Allan 
et al., 1986; Leschine and Canale-Parola, 1986). 

Other enrichment procedures used in the iso- 
lation of Spirochaeta species are based either on 
one or both of the following selective factors: 1) 
the ability of spirochetes to pass through filters 
that retain most other bacteria, and 2) the migra- 
tory movement of spirochetes through agar 
media (Canale-Parola, 1973; Canale-Parola, 
1984a). These selective procedures enrich for 
species of Spirochaeta measuring less than 
0.5 pm in diameter (Table 1). 

In the enrichment-by-filtration procedure, 
which is described in detail below, separation of 
Spirochaeta species from most of the micro- 
organisms present in mud or water is achieved 
by techniques involving filtration through cellu- 
lose ester filter discs (e.g., Millipore filters) hav- 
ing an average pore diameter of 0.3 or 0.45 pm. 
Spirochetes pass through these filter discs 
because of their relatively small cell diameter 
(Table 1) and probably also because their motil- 
ity apparatus enables them to swim freely in liq- 
uids as well as to move in contact with solid 
surfaces. 

The enrichment-by-migration procedure uses 
the ability of spirochetes to move through agar 
gels or media containing as much as 1 to 2% 
(w/v) agar. This movement or migration occurs 
primarily within the agar gel, i.e., below the sur- 
face of the agar medium. In contrast, flagellated 
bacteria usually cannot carry out translational 
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movement through gels or media containing 
agar at the above-mentioned concentrations, 
although several exceptions have been reported 
(Greenberg and Canale-Parola, 1977b). Appar- 
ently, the cell coiling of spirochetes is important 
for their translational motion through agar gels, 
inasmuch as this type of movement is impaired 
in mutant spirochetes lacking the cell-coiling 
characteristic of the parental strain (Greenberg 
and Canale-Parola, 1977c). 

Migration of spirochetes through agar media 
results from the unique motility mechanism of 
these bacteria (Canale-Parola, 1977; Canale- 
Parola, 1978), as well as from chemotaxis toward 
the energy and carbon source (Breznak and 
Canale-Parola, 1975; Greenberg and Canale- 
Parola, 1977a). The role of chemotaxis in the 
migration of saccharolytic spirochetes through 
agar media has been studied (Breznak and 
Canale-Parola, 1975). When these spirochetes 
are inoculated in the center of glucose-containing 
agar medium plates, they grow using this sugar 
as their energy source. Utilization of the sugar by 
the spirochetes gives rise to a glucose concentra- 
tion gradient that moves away from the center of 
the plate as more of this carbohydrate is metab- 
olized by the spirochetes. Because the spiro- 
chetes exhibit chemotaxis toward glucose and are 
able to move through the agar gel, they migrate 
into the areas of higher glucose concentration 
within the gradient. Thus, the spirochetal popu- 
lation follows the outward movement of the gra- 
dient and migrates toward the periphery of the 
plate. This behavior results in the formation of a 
growth “veil” or “ring” of spirochetes for which 
glucose serves both as the energy source for 
growth and as the chemoattractant (Breznak and 
Canale-Parola, 1975; Canale-Parola, 1973). The 
veil or ring increases continuously in diameter 
during incubation and may reach the outer edge 
of the plate. The migration rate of the spirochetal 
population is greatest in agar media containing 
low substrate concentrations (e.g., 0.02% glu- 
cose). In these media the substrate becomes rap- 
idly depleted in the region where spirochetes are 
growing, and the spirochetal population moves 
toward the outer zone of higher substrate con- 
centrations at a relatively fast rate (Breznak and 
Canale-Parola, 1975). 

In procedures for the isolation of Spirochaeta 
species from natural environments, the chemo- 
tactic behavior and the ability of these bacteria 
to move through agar gels have important selec- 
tive functions. In a typical isolation procedure, a 
small, shallow cylindrical hole is made through 
the surface of an agar medium containing a low 
concentration of carbohydrate. Rifampin may be 
included in the medium as an additional selective 
agent for spirochetes. The medium may be in a 
Petri dish or a small bottle. A tiny drop of pond 
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water, or of any other material in which spiro- 
chetes have been observed, is placed within the 
hole. The chemotactic, saccharolytic spirochetes 
in the inoculum multiply and form a growth 
veil that extends outwardly through the agar 
medium. Thus, the spirochetes in the veil move 
away from contaminants, which remain mainly in 
the vicinity of the inoculation site. Spirochetal 
cells from the outermost edge of the veil are used 
to obtain pure cultures by conventional methods, 
such as streaking on agar medium plates. Isola- 
tion procedures involving chemotaxis and move- 
ment through agar gels are described below. 

Selective isolation techniques have not been 
developed for the large Spirochaeta species, such 
as Spirochaeta plicatilis. 

Enrichment by Migration 

When other bacteria vastly outnumber spiro- 
chetes in the inoculum, it is advisable to begin 
the isolation procedure with an enrichment-by- 
migration step (the principle has been discussed 
above). A suitable medium (EBM agar medium) 
for this enrichment has the following composi- 
tion in g/100 ml distilled water: yeast extract 
(Difco), 0.1; Trypticase (BBL Microbiology 
Systems), 0.1; L-cysteine, HCl, 0.05; resazurin, 
lO "^; and agar (Difco), 1. For the enrichment and 
isolation of marine spirochetes, a mixture of sea- 
water (70 ml) and distilled water (30 ml) is used 
instead of plain distilled water. The pH of the 
medium is adjusted to 7.2. After autoclaving, 
cellobiose is added as a sterile solution to a 
final concentration of 0.01 g/100 ml medium. 
Rifampin (filter-sterilized solution) may be used 
as a selective agent (0.5 mg per 100 ml of 
medium). 

The medium is pre-reduced (Hungate, 1969) 
and is dispensed into narrow-necked 60-ml glass 
bottles. During this step and the steps that follow, 
the medium is maintained in an anaerobic atmo- 
sphere by delivering a stream of oxygen (O 2 )- 
free nitrogen (N 2 ) into the bottles. The bottles 
containing the medium are sealed with neoprene 
rubber stoppers and are placed in a press to hold 
the stoppers in place during autoclaving. The 
sterilized medium is allowed to cool to approxi- 
mately 50°C, and cellobiose and, if desired, 
rifampin are added. The complete medium is 
solidified at a 45° angle so that bottle slants are 
obtained. Then, a small (5-mm wide, 6-mm 
deep), cylindrical well is melted halfway down 
each slant by heating the tip of a thin metal rod 
and touching the agar with it. Alternatively, the 
well can be made by aspirating some of the agar 
medium with a sterile Pasteur pipette connected 
to a vacuum apparatus. All further manipula- 
tions are made either while maintaining an N 2 
atmosphere within the bottles (Hungate, 1969) 
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or with the bottles placed within an anaerobic 
chamber and the rubber stoppers replaced by 
cotton stoppers. 

Before inoculation, any liquid that oozed from 
the agar medium is removed by suction from the 
well and the lower part of each slant. The bottle 
slants are inoculated by carefully placing a small 
volume of inoculum (e.g., mud) into the well, and 
they are incubated at 30°C. In successful enrich- 
ments, the spirochetes form a characteristic, 
semitransparent growth veil that extends down 
into the agar medium and diffuses out toward the 
periphery of the slant, away from contaminating 
organisms growing in and near the well. The veil 
usually is visible after 4 to 7 days of incubation. 
Cells from the edges of the growth veil are used 
to obtain pure cultures of the spirochetes by 
means of a procedure involving serial dilutions 
in a rifampin-containing medium (see below). 

Isolation in Rifampin-Containing Media 

Serial dilutions in melted, rifampin-containing 
agar (RIM) medium can be used to isolate spi- 
rochetes from materials in which they are 
present in relatively large numbers (e.g., directly 
from mud or from the outer edges of growth 
veils in the bottle slants mentioned above). The 
spirochete-containing inoculum is serially di- 
luted in tubes of melted (45°C), pre-reduced 
RIM medium. This medium is identical to the 
EBM agar medium described above except that 
the final concentration of cellobiose is 0.2% (w/ 
v), rifampin (0.5 mg/100 ml of medium) is added, 
and the agar (Bacto, Difco) concentration is 
0.8% (w/v).The medium is dispensed and sealed 
in anaerobic culture tubes containing an N2 
atmosphere (Hungate, 1969). 

Spirochete colonies within the RIM agar 
medium are recognizable inasmuch as they are 
spherical and because, as a result of cell migra- 
tion through the agar medium, they appear as 
“transparent bubbles,” “veil-like growth with 
a dense center,” or “cotton ball-like growth” 
(Paster and Canale-Parola, 1982; Stanton and 
Canale-Parola, 1979; Weber and Greenberg, 
1981). To obtain pure cultures, the serial dilution 
step is repeated at least twice, using cells from 
spirochete colonies that developed within the 
RIM agar medium. 

Procedures involving serial dilutions in 
rifampin-containing agar media have been used 
by Weber and Greenberg (1981) and by Patel 
et al. (1985) to isolate spirochetes from salt 
marsh sediments and hot springs, respectively. 

Selective Enrichment by Filtration 

A filtration technique has been used in the iso- 
lation of Spirochaeta stenostrepta (Canale-Parola 



et al., 1967; Canale-Parola et al., 1968), Spirocha- 
eta litoralis (Hespell and Canale-Parola, 1970b), 
and the facultatively anaerobic Spirochaeta halo- 
phila (Greenberg and Canale-Parola, 1976). In 
all cases, the source of the spirochetes was black 
mud that had the characteristic smell of hydro- 
gen sulfide (H2S). Spirochaeta stenostrepta was 
isolated from a mud sample collected from a 
fresh-water pond, Spirochaeta litoralis from 
marine mud, and Spirochaeta halophila from the 
mud of Solar Lake, a high-salinity pond located 
on the Sinai shore of the Gulf of Aqaba. A filtra- 
tion technique also was used in the isolation of 
the alkaliphiles, Spirochaeta asiatica, Spirochaeta 
alkalica and Spirochaeta africana, from the 
sediments of alkaline lakes located in the East 
African Rift region and central Asia (Zhilina 
et al., 1996). 



Medium for Isolating Spirochaeta stenostrepta 



Distilled water 


875 ml 


Glucose 


5.0 g 


Peptone 


2.0 g 


Yeast extract 


0.3 g 


Vitamin B 12 


10-^ g 


Phosphate solution 


15 ml 


Salts solution 


100 ml 


Sulfide solution 


10 ml 


The phosphate 


solution is prepared by dis- 



solving 30 g of KH2PO4 and 70 g of K2HPO4 in 
1,000 ml of distilled water. 

To prepare the salts solution, 0.2 g of ethyl- 
enediamine tetraacetic acid are dissolved in 
800 ml of distilled water by heating. The pH of 
the resulting solution is adjusted to 7.0 with 
2.5% KOH. Then the following additions are 
made: MgS047H 2O, 2.0 g; CaCl22H 2O, 0.75 g; 
FeS047H 2O, 0.1 g; trace elements solution 
(below), 5.0 ml. Finally, the volume of the salts 
solution is adjusted to 1,000 ml with distilled 
water. The sulfide solution (2 g of Na2S9H 2O/ 
100 ml distilled water) is autoclaved separately 
and added shortly before inoculating the (pre- 
cooled to 30-35°C) sterile medium. After steril- 
ization by autoclaving, a precipitate is present in 
the medium, but it disappears as the medium 
cools. The final pH of the complete medium is 
6.9-7.0. 

Trace elements solution: a separate solution 
of each salt listed below, in the amount indi- 
cated. Heating may be required to dissolve 
some of the salts. The pH of the sodium molyb- 
date and sodium vanadate (Na2Mo04 and 
NaVOs) solutions is adjusted to a value below 
7. The potassium iodide (KI) solution is added 
to the aluminum chloride (AICI3) solution and 
mixed by stirring. Then the other solutions are 
added, one at a time, to this mixture, with stir- 
ring, in the order in which they are listed 
below. 
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AICI3 -6H 2O 


0.50 g 


KI 


0.25 g 


KBr 


0.25 g 


LiCl 


0.25 g 


MnCfi '4H 2O 


3.50 g 


H3BO3 


5.50 g 


ZnCfi 


0.50 g 


CUCI2 -2H 2O 


0.50 g 


NiCfi -6H 2O 


0.50 g 


C0CI2 '6H 2O 


0.50 g 


SnCfi -2H 2O 


0.15 g 


BaCfi -2H 2O 


0.15 g 


Na2Mo04 -2H 2O 


0.25 g 


NaV03 


0.05 g 


The volume of the final mixture is adjusted to 



1,800 ml by adding distilled water and to pH 3- 
4 with HCl. A fine, white precipitate replaces a 
yellow precipitate after a few days. The solution 
should be mixed thoroughly immediately before 
it is used and may be stored at room tempera- 
ture. This trace element solution is a modification 
of a solution described by Pfennig (1965). 

Isolation of Spirochaeta stenostrepta 
(Canale-Parola et al., 1967) Black mud, from 
which a strong odor of H2S could be detected, 
was suspended in aqueous sodium sulfide (0.02% 
Na2S9H20). The slurry was filtered through 
Whatman No. 40 filter paper, and the filtrate was 
subjected to filtration through sterile cellulose 
ester filter discs (Millipore, pore diameter 
0.45 pm). Each 1-ml aliquot of the resulting fil- 
trate was added aseptically to a 60-ml glass stop- 
pered bottle, half filled with sterile isolation 
medium. The bottles were then completely filled 
with medium, stoppered without trapping air 
bubbles, and incubated at 30°C (each bottle was 
covered with a sterile 50-ml beaker). After 5 to 
7 d of incubation, the microbial population in 
many of the bottles consisted predominantly of 
thin spirochetes. Pure cultures were obtained by 
use of dilution shake cultures (the medium was 
covered with sterile paraffin) or by plating serial 
dilutions and incubating the plates in the absence 
of O2 (Bray dishes). The isolation medium solid- 
ified with 1.5% agar was used. Spirochetal colo- 
nies appeared after 5 to 6 d. After isolation, the 
organisms were also grown in Florence flasks 
filled with a medium GYPT containing (g/100 ml 
distilled water): glucose, 0.5; yeast extract and 
peptone, 0.2 each; and sodium thioglycolate, 
0.05. The pH of this medium was adjusted to 7.0- 
7.3 before sterilization. The spirochetes were 
maintained in paraffin-layered stab cultures of 
medium GYPT containing 1.5% agar at 5°C 
and transferred monthly. Subsurface colonies 
of Spirochaeta stenostrepta in agar media are 
white, spherical, and characteristically fluffy in 
appearance. 

Spirochaeta litoralis and Spirochaeta halophila 
were isolated by a procedure similar to that used 
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for Spirochaeta stenostrepta, except that different 
isolation media were used and the incubation 
temperatures were 22-23°C for Spirochaeta lito- 
ralis and 37°C for Spirochaeta halophila (Hespell 
and Canale-Parola, 1970b; Greenberg and 
Canale-Parola, 1976). Furthermore, one volume 
of the mud used as the source of Spirochaeta 
litoralis was suspended in five volumes of iso- 
lation medium before filtration through filter 
paper. 

Isolation of Spirochaeta litoralis 
(Hespell and Canale-Parola, 1970b) The isola- 
tion medium for the marine spirochete included 
(g/100 ml of distilled water): tryptone (Difco), 
0.3; yeast extract (Difco), 0.05; and NaCl, 2.0. To 
this mixture 2 ml of 1 M potassium phosphate 
buffer (pH 7.4) and 0.2 ml of a salt solution (see 
below) were added. The pH of the medium was 
adjusted to 7.3 with KOH before sterilization. 
Immediately before inoculation, the medium 
was supplemented with 2 ml of a sterile glucose 
solution (25 g per 100 ml distilled water) and 
with 0.5 ml of a sterile Na2S9H 2O solution (10 g 
per 100 ml of distilled water). The final pH of the 
medium ranged from 7.4 to 7.5. 

The salts solution contained (g/75 ml of dis- 
tilled water): tetrasodium ethylenediamine tet- 
raacetate, 1; CaCl22H20, 3.75; MgCl26H20, 
12.5; and FeS047H 2O, 0.5. To 75 ml of this salt 
mixture, 25 ml of a trace elements solution (see 
Medium for Isolating Spirochaeta stenostrepta) 
was added. 

After cloning, Spirochaeta litoralis was grown 
routinely in the isolation medium. Subsurface 
colonies of Spirochaeta litoralis in agar media are 
white to cream-colored and resemble those of 
Spirochaeta stenostrepta. 

Maintenance procedures: Broth cultures of 
Spirochaeta litoralis in test tubes remained 
viable for 3 d at 30°C. Agar stabs grown at 30°C 
and then kept either at 5 or 30°C were no 
longer viable after approximately one week, 
whether they were layered with paraffin or not. 
Viable cells were not recovered from lyo- 
philized preparations. 

Spirochaeta litoralis was satisfactorily main- 
tained by using “depression” cultures (Canale- 
Parola and Wolfe, 1960) prepared by using 1-liter 
Erlenmeyer flasks, each containing 800 ml of iso- 
lation medium to which 2 g of agar per 100 ml 
were added. These cultures, when incubated for 
2 d at room temperature and then at 15°C, 
remained viable for at least three months. 

Isolation of Spirochaeta halophila 
(Greenberg and Canale-Parola, 1976) The 
isolation medium contained 0.2 g of peptone 
(Difco) and 0.4 g of yeast extract (BBL) per 
97 ml of an inorganic salt solution which had the 
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following composition: CaCl2 • 2H 2O, 0.04 M; 
NaCl, 0.85 M; and MgS047H 2O, 0.2 M. In pre- 
paring the salt solution, salts were added in the 
order in which they are listed to avoid formation 
of a precipitate. After adjusting the pH to 7.5 
with KOH, the medium was sterilized by auto- 
claving. The volume of the medium was brought 
to 100 ml by adding separately sterilized solu- 
tions of glucose and Na2S9H 2O to final concen- 
trations of 0.5% and 0.05%, respectively. 

Spirochaeta halophila was grown routinely at 
37°C in ISM broth (Greenberg and Canale- 
Parola, 1975), which differed from the isolation 
medium because maltose replaced glucose, the 
Na2S9H 2O was omitted, and the composition of 
the salt solution was changed (to CaCb, 0.01 M; 
NaCl, 0.75 M; and MgS04, 0.2 M). Furthermore, 
BBL yeast extract was replaced by Difco yeast 
extract, which supported higher growth yields of 
our isolate. 

Spirochaeta halophila was maintained by stor- 
ing ISM agar (ISM broth containing 0.75 g agar 
per 100 ml) plate cultures at 5°C. The cultures 
were transferred monthly. 

Colonies of Spirochaeta halophila are pig- 
mented when growing aerobically but lack pig- 
mentation under anaerobic growth conditions. 
Colonies grown in air on ISM agar plates were 
red and appeared circular when viewed from 
above. A portion of each colony grew above the 
surface of the medium and part of the colony 
extended into the agar. Areas of diffuse growth 
were present at the periphery of the colonies. 
Generally, colonies measured 2-6 mm in diame- 
ter after 5 days at 35°C but were smaller or larger 
depending on the number of colonies on the 
plate and the length of incubation. Cells streaked 
on ISM agar plates and grown anaerobically in 
Bray dishes formed colonies that developed 
below the surface of the agar medium and were 
white, spherical and diffuse. 

Cultivation of most of the anaerobic species of 
Spirochaeta described here does not require the 
use of stringent anaerobic procedures (e.g., the 
Hungate technique). Reducing agents, such as 
sodium thioglycolate or L-cysteine, are com- 
monly added to the growth media, and other 
conventional techniques for the growth of anaer- 
obes are used, as discussed elsewhere (Canale- 
Parola, 1973). 

Enrichment by Filtration and Migration 

Many strains of Spirochaeta aurantia have been 
isolated by means of a selective technique that 
combines filtration of the inoculum through a 
cellulose ester filter disk with migration of the 
spirochetes in agar media (Breznak and Canale- 
Parola, 1969; Canale-Parola, 1973; Breznak and 
Canale-Parola, 1975). 



Isolation of Spirochaeta aurantia by 
Filtration and Migration 



Ingredient 


Medium HE 


Medium PEP 


Distilled water 


50ml 


100 ml 


Peptone 


O.lg 


0.5 g 


Yeast extract 


O.lg 


0.05g 


K 2 HPO 4 




0.01 g 


Hay extract 


50 ml 


— 


Agar 


Ig 


Ig 



The pH of medium HE is adjusted to 6.5 
before sterilization. To prepare the hay extract, 
0.5 g of dried barn hay are boiled in 100 ml of 
distilled water for 10 min. The boiled mixture is 
filtered using Whatman No. 40 filter paper. The 
filtrate is the hay extract. 

The inoculum, consisting either of pond or 
marsh water or of a water-mud slurry, was prefil- 
tered through Whatman No. 40 filter paper to 
remove large particles. Then, the enrichment cul- 
tures were prepared by depositing one or two 
drops of the filtrate near the center of each of 
a number of sterile cellulose ester filter disks 
(47-mm disk diameter, 0.3- or 0.45-|am pore 
diameter, Millipore) previously placed on the 
surface of isolation medium plates. One filter 
disk had been placed on each plate, approxi- 
mately in the center. The cultures were incubated 
at 30°C for 12-24 h to allow spirochetes in the 
inoculum to move through the filter disk onto the 
surface of the medium. Then the filter disks were 
removed aseptically from the plates, and incuba- 
tion of the plate cultures was continued. Spiro- 
chetes that had passed through the filter disks 
grew and migrated through the agar medium, 
forming semitransparent growth veils that dif- 
fused toward the edge of the plates. Spirochetal 
growth veils usually developed in 5-10 days. 

Generally, 10-20% of the plate enrichments 
were successful (i.e., yielded growth veils) when 
spirochetes were present in the inoculum, as 
determined by light microscopy. Analyses 
showed (Breznak and Canale-Parola, 1975) that 
the total carbohydrate content of a batch of iso- 
lation medium HE was 40 mg/100 ml and the 
glucose content 5 mg/100 ml. Medium PEP con- 
tained 6 mg total carbohydrate and less than 
1 mg glucose per 100 ml. As discussed previously, 
low carbohydrate concentrations, such as those 
in isolation media HE and PEP, are used to 
enhance the rate of spreading of the spirochetal 
growth veil through the agar medium. 

It should be noted that bacteria other than 
spirochetes may form subsurface spreading 
growth veils in the enrichment plates. Most com- 
mon among these veil-forming bacteria are 
Aquaspirillum {Spirillum) gracile (Canale-Parola 
et al., 1966) and Serpens flexibilis (Hespell, 1977). 
Serpens flexibilis cells are flexible. Gram-negative 
rods that have bipolar as well as lateral flagella. 
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Pure cultures of Spirochaeta aurantia are 
obtained by streaking cells from the outer edge 
of the growth veil onto isolation medium plates 
or growth medium plates. 

A suitable growth medium for Spirochaeta 
aurantia contains (g/99 ml distilled water): glu- 
cose, 0.2; yeast extract, 0.2; and Trypticase 
(BBL), 0.5. The pH is adjusted to 7.5 before ster- 
ilization. When desired, agar (1 g) is added. After 
autoclaving and allowing the medium to cool, 
1 ml of sterile 1 M potassium phosphate buffer 
(pH 7) is added. 

Growth of some Spirochaeta aurantia strains is 
either partially or totally inhibited in media con- 
taining agar (Difco) concentrations higher than 
1% (w/v). Thus, viable cell counts usually are 
higher when performed using plates of media 
containing 0.75 or 1% agar than when the cells 
are grown in media including agar at higher con- 
centrations. Spirochaeta aurantia cells grown in 
media containing agar at concentrations higher 
than 1 % frequently are aberrant in morphology. 
Many usually long, poorly coiled, filamentous 
cells are present, as well as an abundance of 
spherical bodies (Breznak and Canale-Parola, 
1975). 

Surface, aerobic colonies of Spirochaeta 
aurantia in growth medium (agar, 1%) are light 
orange to orange, round or nearly round, with 
slightly irregular edges, and measure 1-4 mm in 
diameter after 4-7 days at 30°C. The colonies 
grow mostly within the agar medium, just under 
the surface, but many have a slightly raised 
central portion. One strain (Vinzent strain) was 
found to produce both this type of colony and a 
“pinpoint” type of colony, measuring approxi- 
mately 0.5 mm in diameter and growing prima- 
rily on the surface of the agar medium (Breznak 
and Canale-Parola, 1975). 

Surface, anaerobic colonies of Spirochaeta 
aurantia (growth medium, 1% agar) are similar 
in morphology to the aerobic ones, but are not 
pigmented. Subsurface anaerobic colonies are 
white and spherical. 

Spirochaeta aurantia may be maintained on 
slants of growth medium at 5°C. These stock 
cultures are transferred monthly. 

Identification 

At present, free-living, anaerobic and faculta- 
tively anaerobic, helical bacteria that possess the 
ultrastructural features typical of spirochetes 
(e.g., periplasmic flagella and outer sheath) are 
classified in the genus Spirochaeta. However, 
phylogenetic analyses have clearly indicated that 
some species identified as Spirochaeta using 
these criteria — namely, the free-living, obligately 
anaerobic spirochetes from freshwater environ- 
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ments, Spirochaeta stenostrepta, Spirochaeta 
zuelzerae and Spirochaeta caldaria — are more 
closely related to members of the genus Tre- 
ponema than to other members of the genus 
Spirochaeta (see Phylogeny). 

Differentiation among the obligately anaero- 
bic species (Table 1, species 1-9; see Taxonomy) 
may be based, in part, on determinations of car- 
bohydrate fermentation end products. Spirocha- 
eta stenostrepta, Spirochaeta litoralis, Spirochaeta 
isovalerica and Spirochaeta bajacaliforniensis 
form acetate, ethanol, carbon dioxide (CO 2 ) and 
molecular hydrogen (H 2 ) as major products of 
glucose fermentation, whereas Spirochaeta zue- 
lzerae, Spirochaeta thermophila and Spirochaeta 
caldaria produce acetate, lactate, CO 2 , H 2 , and, 
in some cases, small amounts of succinate (Akse- 
nova et al., 1992; Canale-Parola, 1984a; Fracek 
and Stolz, 1985; Pohlschroeder et al., 1994). Spi- 
rochaeta asiatica produces acetate, ethanol, and 
lactate, but not H 2 , during glucose fermentation 
(Zhilina et al., 1996). In addition, Spirochaeta 
isovalerica forms small amounts of isovalerate, 2- 
methylbutyrate and isobutyrate as fermentation 
end products when growing in media containing 
L-leucine, L-isoleucine and L-valine, as well as 
a fermentable carbohydrate (see Physiology; 
Harwood and Canale-Parola, 1983). Spirochaeta 
smaragdinae is the only species of Spirochaeta 
known to reduce thiosulfate or sulfur (but not 
sulfate) to H 2 S and produces acetate, lactate, 
CO 2 , and H 2 S in the presence of thiosulfate and 
ethanol, lactate, CO 2 , and H 2 in its absence 
(Magot et al., 1997). 

Spirochaeta stenostrepta, Spirochaeta zuelzerae 
and Spirochaeta caldaria are freshwater anaer- 
obes, whereas Spirochaeta litoralis, Spirochaeta 
isovalerica, Spirochaeta bajacaliforniensis and 
Spirochaeta thermophila were isolated from sea- 
water environments and have salt requirements 
typical of marine bacteria (Aksenova et al., 1992; 
Fracek and Stolz, 1985; Harwood and Canale- 
Parola, 1983; Hespell and Canale-Parola, 1970b; 
Pohlschroeder et al., 1994). Another anaerobic 
species, Spirochaeta asiatica, was isolated from 
the sediments of an alkaline lake and requires 
Na^ concentrations ranging from 500 to 1,000 mM 
for optimal growth (Zhilina et al., 1996). 

This latter species is also alkaliphilic, and 
growth does not occur below pH 8. Spirochaeta 
smaragdinae, an obligate anaerobe isolated from 
a production water sample collected from an 
offshore oil field, requires at least 170 mM 
NaCl and grows optimally with 850 mM NaCl 
(Magot et al., 1997). Spirochaeta thermophila 
and Spirochaeta caldaria, both isolated from 
hot springs, are thermophilic anaerobes with 
optimum growth temperature of 66-68 and 
48-52°C, respectively (Aksenova et al., 1992; 
Pohlschroeder et al., 1994). Further characteriza- 
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tion of the obligate anaerobes should take into 
account interspecific differences in G+C content 
of the DNA and in cell size (Table 1). 

Spirochaeta alkalica and Spirochaeta africana 
(Table 1, species 10 and 11) are aero tolerant 
species that survive two or three transfers in a 
glucose-containing medium incubated in air; 
however, aerobic growth is weak as compared to 
growth under anaerobic conditions (Zhilina 
et al, 1996). 

These species may be distinguished by their 
ion requirements. Spirochaeta africana requires 
NaCl for growth, whereas Spirochaeta alkalica 
will grow in media supplemented with equimolar 
sodium carbonate and bicarbonate (Na 2 C 03 -h 
NaHCOs) in place of NaCl (Zhilina et al., 1996). 

Salt requirements constitute an important 
basis of distinction between the facultative 
anaerobes Spirochaeta aurantia and Spirochaeta 
halophila (Table 1, species 12 and 13). The latter 
species is halophilic and has an absolute require- 
ment for relatively high concentrations of Na^, 
Cl“, Ca^^ and Mg^^ (Greenberg and Canale- 
Parola, 1976), whereas Spirochaeta aurantia 
strains have been isolated only from freshwater 
environments and do not exhibit special salt 
requirements (Breznak and Canale-Parola, 1969; 
Breznak and Canale-Parola, 1975). 

Pigment production is a characteristic of the 
aerotolerant and facultatively anaerobic species 
(Table 1, species 10-13). Zhilina et al. (1996) 
reported that the cell mass of the aerotolerant 
species Spirochaeta alkalica and Spirochaeta 
africana is orange. When growing aerobically, 
the facultative anaerobes Spirochaeta halophila 
and Spirochaeta aurantia produce carotenoid 
pigments. The major pigment of Spirochaeta 
halophila (strain RSI) is 4-keto-l',2'-dihydro-l'- 
hydroxytorulene, whereas Spirochaeta aurantia 
(strain Jl) produces mainly 1', 2'-dihydro-l'- 
hydroxytorulene (Greenberg and Canale- 
Parola, 1975). Nonpigmented mutants of 
Spirochaeta halophila (Greenberg and Canale- 
Parola, 1976) and of Spirochaeta aurantia (B. J. 
Paster and E. Canale-Parola, unpublished data) 
have been isolated. 

Cells of Spirochaeta aurantia subspecies stricta 
are more tightly coiled than those of Spirochaeta 
aurantia subspecies aurantia (Table 1, footnote c). 

Criteria used for the identification of Spirocha- 
eta plicatilis (Table 1, species 7) are its large size 
(Table 1) and its characteristic morphology and 
motility (Blakemore and Canale-Parola, 1973). 

Preservation 

Cells of Spirochaeta species can be preserved in 
a viable condition for several years by maintain- 
ing them at the temperature of liquid nitrogen. 



Conventional methods are used to prepare liquid 
nitrogen stock cultures of spirochetes (Canale- 
Parola, 1973). 



Physiology 

Motility and Chemotaxis 

Three main types of motion are observed in spe- 
cies of Spirochaeta: 1) translational motion; 2) 
rotation of the cell around its longitudinal axis; 
and 3) flexing motion (Canale-Parola, 1978). In 
addition to swimming freely in liquid environ- 
ments, some Spirochaeta are able to “creep” or 
“crawl” on solid surfaces, a movement resem- 
bling that of the gliding bacteria (Blakemore and 
Canale-Parola, 1973). Species of Spirochaeta 
retain their translational motion in environments 
of relatively high viscosity, e.g., 500 centipoise 
(Greenberg and Canale-Parola, 1977c). In com- 
parison, flagellated bacteria, such as Escherichia 
coli, Pseudomonas aeruginosa and Aquaspiril- 
lum serpens, are immobilized at viscosities of or 
above 60 centipoise (Greenberg and Canale- 
Parola, 1977b). 

The motility of a strain of Spirochaeta aurantia 
in liquid environments has been described as 
follows (Greenberg and Canale-Parola, 1977a; 
Greenberg et al., 1985): The spirochete usually 
swims in nearly straight lines (runs) and appears 
to spin about its longitudinal axis as it progresses 
through the liquid. From time to time the cell 
reverses swimming direction, the anterior end of 
the cell becoming the posterior end. Occasion- 
ally, the spirochete stops running, flexes, and 
then resumes its translational motion. However, 
upon resuming its translational motion, the 
spirochete usually alters the direction of its 
movement, and the previously leading cell end 
may or may not become the trailing cell end. 
Thus, Spirochaeta aurantia performs three kinds 
of behavior (runs, flexes, and reversals), in con- 
trast to Escherichia coli, which performs two 
kinds (runs and tumbles). During runs, Spirocha- 
eta aurantia cells have an average linear speed of 
approximately 16 pm/s (Fosnaugh and Green- 
berg, 1988). Flexes last from a fraction of a sec- 
ond to several seconds. The average frequency of 
reversals in cell populations is approximately 
0.31 reversals/5 s (Fosnaugh and Greenberg, 
1988). 

A model that interprets the motile behavior of 
Spirochaeta aurantia has been proposed (Berg, 
1976; Greenberg et al., 1985). According to this 
model, the two periplasmic flagella of Spirocha- 
eta aurantia rotate, each driven by a motor at the 
insertion end. Rotation of the flagella in one 
direction (looking at the cell head on; see Fig. 
13B, Introduction) causes the periplasmic cylin- 
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der and the outer membrane to move in direc- 
tions opposite to each other. Owing to its helical 
shape, the cell rotates about its longitudinal axis 
and moves along it. Runs occur when the flagel- 
lar motor at one cell end rotates clockwise (CW) 
while the motor at the other cell end rotates 
counterclockwise (CCW). When both motors 
switch direction of rotation at the same time, a 
reversal takes place. A flex is generated during 
asynchronous switching, i.e., when only one 
motor switches direction so that both motors are 
rotating CW or CCW. Asynchronous switching 
causes the cell ends to twist in opposition to each 
other, and a flex occurs. 

Spirochaeta aurantia exhibits chemotaxis 
toward D-glucose, D-xylose, cellobiose, and var- 
ious other sugars, but not toward amino acids 
(Greenberg and Canale-Parola, 1977a). Many of 
the chemoattractants also serve as carbon and 
energy sources for growth of Spirochaeta auran- 
tia. Spirochaeta aurantia cells grown in a chemo- 
stat at very low concentrations of an attractant 
that serves as a carbon and energy source exhibit 
an enhanced chemotactic response toward that 
attractant and are able to sense concentrations 
of the attractant much lower than those sensed 
by cells grown in the presence of excess attrac- 
tant (Terracciano and Canale-Parola, 1984). 
Most likely, the ability to regulate its chemosen- 
sory system provides Spirochaeta aurantia with 
competitive advantages in natural environments 
deflcient in nutrients. 

Fosnaugh and Greenberg (1988) carried out 
an analysis of the motility and chemotaxis behav- 
ior of Spirochaeta aurantia. They observed that a 
population of Spirochaeta aurantia cells spent, on 
average, 66% of the time swimming smoothly 
(runs), 33% of the time flexing, and 1% of the 
time in reversals. After addition of an attractant 
(D-xylose, 10 mM final concentration), there was 
an increase in smooth swimming, a decrease in 
flexing, and a complete suppression of reversals. 
From 1.5 to 2 min after addition of the attrac- 
tant, the population resumed its unmodified 
behavior. On the basis of their observations and 
of the above-mentioned motility model for Spi- 
rochaeta aurantia, Fosnaugh and Greenberg 
(1988) postulated that a mechanism for commu- 
nication between the two flagellar motors is 
present in this spirochete and that a motor- 
switch-synchronizing device is also operating. 



Fermentation Products and 
ATP- Yielding Pathways 

Under anaerobic conditions, several species of 
Spirochaeta that have been cultured (Table 1, see 
Taxonomy) ferment carbohydrates with forma- 
tion of acetate, ethanol, CO 2 , and H 2 as major 
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end products (Canale-Parola, 1984a; Fracek and 
Stolz, 1985; Harwood and Canale-Parola, 1983). 
Spirochaeta zuelzerae, Spirochaeta thermophila 
and Spirochaeta caldaria produce acetate, lac- 
tate, CO 2 and H 2 from carbohydrates (Aksenova 
et al., 1992; Canale-Parola, 1984a; Pohlschroeder 
et al., 1994), and Spirochaeta zuelzerae also 
produces small amounts of succinate (Canale- 
Parola, 1977; Canale-Parola, 1984a; Veldkamp, 
1960). Spirochaeta alkalica and Spirochaeta afri- 
cana produce acetate, ethanol, lactate and H 2 , 
and Spirochaeta asiatica produces acetate, etha- 
nol and lactate, but not H 2 , during glucose fer- 
mentation (Zhilina et al., 1996). Spirochaeta 
smaragdinae is the only species of Spirochaeta 
that has been shown to reduce thiosulfate and 
sulfur to H 2 S, producing acetate, lactate, CO 2 and 
H 2 S in the presence of thiosulfate and producing 
ethanol, lactate, CO 2 and H 2 in its absence 
(Magot et al., 1997). 

Spirochaeta isovalerica (Table 1) ferments 
(in addition to carbohydrates) L-leucine, L- 
isoleucine and L-valine, forming isovaleric, 2- 
methylbutyric and isobutyric acids, respectively, 
as end products (Harwood and Canale-Parola, 
1983). However, Spirochaeta isovalerica requires 
a fermentable carbohydrate for growth. When 
Spirochaeta isovalerica is grown in medium con- 
taining both glucose and the three above-men- 
tioned amino acids, only a relatively small 
fraction of the total amount of available amino 
acids is fermented (Harwood and Canale-Parola, 
1981a; Harwood and Canale-Parola, 1981b). 
Under these growth conditions, the ATP derived 
from amino acid catabolism is estimated to be 4 
to 5% of the total ATP formed. Fermentation of 
the amino acids in the absence of glucose does 
not support measurable growth of Spirochaeta 
isovalerica, but serves to generate ATP, which is 
utilized as a source of maintenance energy by the 
spirochete when fermentable carbohydrates are 
not available (Harwood and Canale-Parola, 
1981a; Harwood and Canale-Parola, 1983). In 
addition to the branched-chain fatty acids, amino 
acid catabolism by Spirochaeta isovalerica yields 
small quantities of isobutanol and isoamyl alco- 
hol (Harwood and Canale-Parola, 1981b; 1983). 

All Spirochaeta species whose metabolic path- 
ways have been studied (species 1, 2, 4, 6, 12 and 
13 in Table 1; see Taxonomy) catabolize glucose 
to pyruvate via the Embden-Meyerhof pathway 
(Aksenova et al., 1992; Canale-Parola, 1984a; 
Harwood and Canale-Parola, 1983). Anaerobic 
metabolism of pyruvate yields acetyl-CoA, CO 2 
and H 2 via a clostridial-type clastic reaction 
(Canale-Parola, 1977; Greenberg and Canale- 
Parola, 1976). Acetate is formed from acetyl 
CoA in reactions catalyzed by phosphotrans- 
acetylase and acetate kinase. A double reduction 
involving aldehyde and alcohol dehydrogenases 
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is responsible for ethanol production from acetyl 
CoA (Canale-Parola, 1977). 

When growing aerobically, the two faculta- 
tively aerobic species {Spirochaeta aurantia and 
Spirochaeta halophila) oxidize glucose incom- 
pletely, with formation of CO 2 and acetate as 
major end products. Aerobically, both oxidative 
phosphorylation and substrate-level phosphory- 
lation are utilized by the two species to generate 
ATP (Breznak and Canale-Parola, 1972b; 
Greenberg and Canale-Parola, 1976). The tricar- 
boxylic acid cycle either is absent or plays a 
minor catabolic role in these two species. 

Rubredoxin was detected in cell extracts of the 
obligate anaerobes Spirochaeta stenostrepta and 
Spirochaeta litoralis and of the facultative anaer- 
obe Spirochaeta aurantia (Breznak and Canale- 
Parola, 1972a; Hespell and Canale-Parola, 1973; 
Johnson and Canale-Parola, 1973). Rubredoxin 
was isolated from extracts of both aerobically 
and anaerobically grown cells of Spirochaeta 
aurantia. Ferredoxin was present in cell extracts 
of anaerobically grown Spirochaeta aurantia, 
but was not found in aerobically grown cells of 
this bacterium (Johnson and Canale-Parola, 
1973). 

Ecology 

Species of Spirochaeta are free-living bacteria 
indigenous to a variety of aquatic environments, 
such as the water, sediments and muds of ponds, 
marshes, lakes, rivers and oceans (Canale- 
Parola, 1984a). In these environments, Spirocha- 
eta cells display a wide range of motility behav- 
iors. When Spirochaeta cells swim through liquid 
environments, they may perform rotatory, loco- 
motory and flexing movements (Canale-Parola, 
1978). Also, spirochetes may move through envi- 
ronments of viscosity high enough to impede the 
progress of most flagellated bacteria (Harwood 
and Canale-Parola, 1984). Moreover, some Spi- 
rochaeta are able to move on solid surfaces by 
“creeping” or “crawling,” a movement resem- 
bling that of the gliding bacteria (Blakemore 
and Canale-Parola, 1973). Complex physio- 
logical and behavioral adaptations, many of 
which involve one or more types of spirochaetal 
motility behavior, enable Spirochaeta species 
to persist in their environments and to com- 
pete successfully with other organisms for avail- 
able nutrients (Harwood and Canale-Parola, 
1984). 

All species of Spirochaeta that have been cul- 
tivated are saccharolytic, and they usually lack 
the ability to utilize compounds other than car- 
bohydrates as oxidizable substrates for growth. 
Various pentoses, hexoses, disaccharides and 
polysaccharides, such as starch, are used as car- 



bon and energy sources (Aksenova et al., 1992; 
Canale-Parola, 1984a; Fracek and Stolz, 1985; 
Greenberg and Canale-Parola, 1976; Magot 
et al., 1997; Pohlschroeder et al., 1994; Zhilina 
et al., 1996). Even though free-living spirochetes 
are commonly observed in natural anaerobic 
environments in which plant material, containing 
cellulose and hemicelluloses, is biodegraded 
(Canale-Parola, 1978; Harwood and Canale- 
Parola, 1984; Leschine, 1995), only Spirochaeta 
thermophila has been reported to ferment cellu- 
lose and xylan (Aksenova et al., 1992). It may be 
inferred that, in their habitats, which frequently 
are rich in decaying plant material, Spirochaeta 
species usually ferment soluble sugars released 
into the environment by the enzymatic activities 
of other microorganisms that depolymerize plant 
polysaccharides. Pohlschroeder et al. (1994) 
reported that Spirochaeta caldaria, a thermo- 
philic spirochete from a freshwater hot spring, 
forms stable, cellulose-degrading cocultures with 
the cellulolytic bacterium, Clostridium thermo- 
cellum. Cellulose is degraded more rapidly in 
cocultures than in monocultures of Clostridium 
thermocellum, suggesting that species of Spiro- 
chaeta may enhance cellulose breakdown in nat- 
ural environments (Leschine, 1995). 

Both facultatively and obligately anaerobic 
species of Spirochaeta grow abundantly when 
the energy source available to them is cellobi- 
ose, a major product of cellulose depolymeri- 
zation, which is produced by the extracellular 
cellulase systems of some microorganisms 
(Breznak and Canale-Parola, 1969; Breznak and 
Canale-Parola, 1975; Greenberg and Canale- 
Parola, 1976; Harwood and Canale-Parola, 1983; 
Hespell and Canale-Parola, 1970a; Hespell 
and Canale-Parola, 1970b; Leschine, 1995; 
Pohlschroeder et al., 1994). Furthermore, free- 
living spirochetes, such as Spirochaeta aurantia, 
exhibit a strong tactic response toward very 
low cellobiose concentrations (Greenberg and 
Canale-Parola, 1977a) and possess regulatory 
systems that enable them to enhance their 
chemotactic responses when attractants that 
serve as energy sources are present at very low 
concentrations in the environment (Terracciano 
and Canale-Parola, 1984). Inasmuch as cellobi- 
ose levels in environments in which cellulose is 
degraded are likely to be quite low (Smith et al., 
1973), a strong tactic response to very low con- 
centrations of cellobiose may confer an impor- 
tant selective advantage on the spirochetes 
among cellobiose-utilizing microorganisms. 

In addition to their ability to regulate their 
chemosensory apparatus in response to low sub- 
strate concentrations, some species of Spirocha- 
eta have developed other strategies to survive 
in environments lacking or nearly depleted of 
energy sources. One of these survival strategies 
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has been studied in Spirochaeta isovalerica, a sac- 
charolytic anaerobe that does not utilize amino 
acids as fermentable substrates for growth, 
but catabolizes small amounts of L-leucine, L- 
isoleucine and L-valine with the formation of 
isovalerate, 2-methylbutyrate and isobutyrate, 
respectively, as end products (Harwood and 
Canale-Parola, 1981b; Harwood and Canale- 
Parola, 1983; Harwood and Canale-Parola, 
1984). Although these amino acids are not used 
by Spirochaeta isovalerica as fermentable sub- 
strates for growth, their fermentation serves to 
generate ATP, which is utilized by the spiro- 
chetes as a source of maintenance energy. This 
process allows cells to survive during periods 
of growth substrate starvation (Harwood and 
Canale-Parola, 1981a; Harwood and Canale- 
Parola, 1981b; Harwood and Canale-Parola, 
1982a). Other starvation-survival strategies 
utilized by Spirochaeta species may involve 
ATP generation through metabolism of endoge- 
nous RNA (Canale-Parola and Kidder, 1982; 
Harwood and Canale-Parola, 1984) or metabo- 
lism of intracellular polyglucose storage granules 
(Kropinski et al., 1988). 

The large spirochete, Spirochaeta plicatilis, has 
been observed within masses of Beggiatoa tri- 
chomes in samples of black, sulfide-rich marsh 
mud covered with a layer of marsh water 
(Blakemore and Canale-Parola, 1973). In this 
study, the spirochetes were seen to swim freely 
among the tangled Beggiatoa trichomes, and 
they crept on or otherwise moved in contact with 
the surface of the trichomes. The close associa- 
tion with Beggiatoa suggested a chemotactic 
response by the large spirochete toward metab- 
olites produced by the sulfur bacteria. As the 
level of sulfide generated by biological activities 
in the mud became low, gradual lysis of the 
Beggiatoa trichomes was observed. This lytic 
process coincided with a dramatic increase in 
the number of large spirochetes (Blakemore 
and Canale-Parola, 1973). Possibly, substances 
released by the lysing Beggiatoa were used as 
growth substrates for Spirochaeta plicatilis. 



Applications 

Thus far, few applications have been suggested 
for species of Spirochaeta. Pohlschroeder et al. 
(1994) reported that cellulose degradation by 
Clostridium thermocellum is enhanced in the 
presence of Spirochaeta caldaria, a thermophilic 
spirochete from a freshwater hot spring. Possibly, 
species of Spirochaeta might be employed in 
processes for the direct bioconversion of 
cellulose-containing wastes to fuels such as H 2 
or ethanol. 
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Introduction and Habitats 

The genus Treponema (phylum Spirochaetes, 
order Spirochetales, family Spirochaetaceae) is 
composed of both pathogenic and nonpatho- 
genic species indigenous to humans and animals. 
They are helical, tightly coiled, motile bacteria, 
ranging from 5-20 pm in length and 0. 1-0.4 pm 
in diameter, and are best observed by dark-field 
microscopy (Fig. 1). The organisms stain poorly 
with the usual aniline dyes; however, those that 
are capable of aniline-dye uptake are Gram- 
negative. Staining can best be accomplished by 
the use of silver impregnation or immuno- 
fiuorescent methods. The sequence of the 
genome of Treponema pallidum swhsp. pallidum, 
the type species of the genus, was determined 
in 1998 (Fraser et al., 1998), and the sequence 
of the Treponema denticola genome is nearly 
completed. Information based on these genome 
sequences has been incorporated into sections of 
this chapter. 

Several topics covered in this chapter have 
been reviewed previously, including procedures 
for propagation of pathogenic treponemes in 
laboratory animals (Turner and Hollander, 1957; 
Miller, 1971), clinical aspects and diagnosis of 
treponemal infections (United States Public 
Health Service, 1968; Larsen, et al., 1998, 1999), 
the endemic treponematoses (Antal et al., 2002), 
the phytogeny of spirochetes (Paster and Dew- 
hirst, 2000), T pallidum pathogenesis and immu- 
nology (Norris, 1988a; Radolf, 1994; Blanco et 
al., 1997; Radolf et al., 1999), and the biology and 
in vitro culture of T pallidum (Cox, 1994; Norris 
et al., 2001). In addition, a book focused on cur- 
rent topics in spirochete biology was published 
in 2001 (Saier and Garcia-Lara, 2001). Portions 
of this chapter were modified from the previous 
version by Miller, Smibert, and Norris (Miller et 
al., 1990). The reader is referred to these pre- 
vious reviews where they are applicable, and 
individual articles are cited where they are 
particularly pertinent. 

The known frank pathogens of the genus Tre- 
ponema are virtually identical organisms that are 



obligate parasites of humans or (in the case of 
one species) rabbits (Table 1). These organisms 
are morphologically indistinguishable and share 
extensive DNA homology and proteome similar- 
ity; in addition, they have not been cultured con- 
tinuously in vitro. The four human pathogens 
and the diseases they cause are: Treponema pal- 
lidum subsp. pallidum (syphilis). Treponema 
pallidum subsp. pertenue (yaws). Treponema 
pallidum subsp. endemicum (nonvenereal 
endemic syphilis), and Treponema carateum 
(pinta). The reclassification of T pertenue and T 
endemicum as subspecies of T pallidum (Smib- 
ert, 1984a) is supported by >95% DNA homol- 
ogy by hybridization (Fieldsteel, 1983) and the 
virtual identity of known sequences from this 
group of organisms. Treponema carateum cannot 
be propagated in small laboratory animals or in 
culture and is still classified separately owing to 
the lack of genetic information. Treponema 
paraluiscuniculi (venereal rabbit spirochetosis) 
is the only treponeme that has been established 
unequivocally as an animal pathogen (Bay on, 
1913) and is also closely related to the T palli- 
dum subspecies (Baker-Zander and Lukehart, 
1984; Centurion-Lara et al., 1997). Limited mul- 
tiplication of Treponema pallidum subsp. palli- 
dum has been accomplished in a tissue culture 
monolayer system (Cox, 1994). 

The largest group of Treponema species iden- 
tified thus far consists of oral spirochetes (Table 
2). These include nine classified species and a 
large number of unnamed genospecies that have 
been identified by polymerase chain reaction 
(PCR) amplification of 16S rRNA sequences of 
gingival crevice specimens from patients with 
periodontal disease (Dewhirst et al., 2000). Peri- 
odontal disease is an important dental problem, 
resulting in inflammation of the gingival tissue, 
bone resorption, and tooth loss. A high propor- 
tion of oral treponemes are found in the flora of 
specimens from patients with acute necrotizing 
ulcerative gingivitis and other forms of perio- 
dontal disease, providing a strong association 
between these organisms and the disease pro- 
cess. In addition, oral Treponema species have 
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Table 1. Characteristics of pathogenic Treponema species. 



Organism 


Disease 


Distribution 


Predominant 
age of onset 


Transmission 


Congenital 

infection 


T pallidum subsp. 
pallidum 


Venereal syphilis 


Worldwide 


Adolescents and adults 


Sexual contact 


Yes 


T pallidum subsp. 
pertenue 


Yaws (frambesia, pian) 


Tropical areas, 
Africa, South 
America, 
Caribbean, 
Indonesia 


Children 


Skin contact 


No 


T pallidum subsp. 


Endemic syphilis 


Arid areas, Africa, 


Children, adolescents 


Mucous 


Rarely 


endemicum 


(bejel, dichuchwa) 


Middle East 


and adults 


membrane 




T carateum 


Pinta (carate, cute) 


Semi-arid, warm 
areas. Central 
and South 
America 


Children and 
adolescents 


Skin contact 


No 


T paraluis-cuniculi 


Venereal spirochetosis 
of rabbits 


Not applicable 


Not applicable 


Sexual contact 


No 



From Antal et al. (2002) and Larsen et al. (1999). 
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Fig. 1. Appearance of Treponema pallidum subsp. pallidum 
Nichols by darkfield microscopy. 



been implicated in endodontic (tooth root) infec- 
tion (Newman, 1984; Dahle et al, 1993a; Dahle 
et al, 1993b; Jung et al, 2000; Rupf et al, 2000; 
Siqueira et al., 2000a; Siqueira et al, 2000b; 
Sunde et al, 2000; Rocas et al, 2001) and ath- 
erosclerosis (Okuda et al, 2001), although addi- 
tional studies are needed to determine whether 
the spirochetes play a causal role in these condi- 
tions. A recent report provides evidence against 
a previously proposed association between 
periodontal disease and diabetes (Yuan et al, 
2001 ). 

Skin-associated commensal spirochetes 
include Treponema phagedenis, Treponema 
refringens, and Treponema minutum. These 
organisms colonize smegma (desquamated epi- 
thelial cells and secretions) under the prepuce 
and other skin folds of the genitalia of humans, 
chimpanzees, and other animals. These skin- 
associated Treponema, some of which were 
initially thought to be avirulent forms of T 



pallidum subsp. pallidum, are morphologically 
and genetically distinct from T pallidum (Miao 
and Fieldsteel, 1978; Fieldsteel, 1983; Smibert, 
1984a) and are not known to cause disease. 

Recently, the anaerobic spirochetes that colo- 
nize termite guts were shown on the basis of 16S 
rRNA homology to be related to the genus Tre- 
ponema (Paster et al., 1996; Lilburn et al., 1999). 
These organisms, which have not been classi- 
fied as yet, are the subject of the chapter Termite 
Gut Spirochetes in this Volume. 

Some organisms of the genus Brachyspira, 
including B. hyodysenteriae and B. innocens, 
were initially characterized as Treponema spe- 
cies; however, these intestinal spirochetes were 
reclassified, first as Serpulina then as Brachyspira 
(Ochiai et al., 1997), on the basis of dissimilar 
DNA homology and %G-\-C with Treponema 
species, as well as relatedness to Brachyspira aal- 
horgii (Hovind-Hougen et al., 1982). The genus 
Brachyspira in this Volume is described in 
another chapter. 

Well-defined, cultivable species of treponemes 
have been found in the oral cavity, intestinal 
tract, and/or genitalia of chimpanzees, pigs and 
dogs, as well as in the rumen of cattle (Pindak et 
al., 1965; Socransky et al., 1969; Zymet, 1969; 
Hanson, 1970; Leach et al., 1973; Holdemann et 
al., 1977; Cwyk and Canale-Parola, 1979; Stanton 
and Canale-Parola, 1979; Wojciechowicz and 
Ziolecki, 1979; Ziolecki, 1979; Stanton and 
Canale-Parola, 1980; Ziolecki and Wojciechow- 
icz, 1980; Paster and Canale-Parola, 1982; Paster 
and Canale-Parola, 1985). In addition, spiro- 
chetes resembling treponemes have been 
observed in the intestinal tract of horses, mice, 
rats, guinea pigs, opossums, insects and termites 
and in the tissues of brine shrimp (Osborne and 
Bain, 1961; Breznak, 1973; McLeod et al., 1977; 
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Table 2. Other Treponema species associated with mammalian hosts. 



Type 


Habitat 


Species and groups 


References 


Oral spirochetes 


Dental plaque in gingival crevices 


Treponema denticola 


Miller et al., 1990 
Moore et al., 1987 
Riviere et al., 1995 
Smibert, 1984 






Treponema socranskii 


Moore et al., 1987 
Riviere et al., 1995 
Smibert et al., 1984 






Treponema vincentii 


Miller et al., 1990 






Treponema skoliodontum 


Miller et al., 1990 
Smibert, 1984 






Treponema maltophilum 


Wyss et al., 1996 






Treponema medium 


Umemoto et al., 1997 






Treponema amylovorum 


Wyss et al., 1997 






Treponema lecithinolyticum 


Wyss et al., 1999 






Treponema parvum 


Wyss et al., 2001 


Skin- associated 


Sebaceous secretions in genital region 


Treponema phagedenis 


Miller et al., 1990 


Treponema 




Treponema refringens 
Treponema minutum 


Smibert, 1984 


Digital dermatitis 


Hooves of affected ungulates 


Treponema brennaborense 


Schrank et al., 1999 


Treponema 




Unspeciated Treponema 


Choi et al., 1997 
Demirkan et al., 2001 


Intestinal 


Colon of swine 


Treponema succinifaciens 


Cwyk and Canale-Parola, 1979 


Treponema 


Rumen fluid of cattle 


Treponema bryantti 


Stanton and Canale-Parola, 1980 






Treponema saccharophilium 


Paster and Canale-Parola, 1985 



Lee and Philips, 1978). Although many of these 
anaerobic and putative microaerophilic host- 
associated treponemes have been cultured in 
vitro and subsequently characterized, micro- 
scopic and PCR analyses of animal and human 
tissues, exudates, and normal flora suggest that 
other species have yet to be isolated (Dewhirst 
et al, 2000). Whether these spirochetes, alone or 
in combination with other organisms, can be 
implicated as the cause of oral, genital, or gas- 
trointestinal disease remains uncertain. 

In humans, as in animals, treponemes are 
found as part of the normal oral, intestinal, and 
genital flora (Parr, 1923; Rosebury and Foley, 
1941; Shera, 1962; Hanson and Cannefax, 1964; 
Harland and Lee, 1967; Lee et al., 1971; Takeuchi 
et al., 1974; Ruane et al., 1989). Most of the 
organisms associated with human intestinal spi- 
rochetosis are Brachyspira species (Duhamel, 
2001), although Treponema species are part of 
the normal flora of the human gastrointestinal 
tract (Table 2). Treponema is the predominant 
genus of spirochetes in the oral cavity. Although 
these organisms are part of the normal flora in 
the gingival crevices. Treponema are more prev- 
alent in persons with periodontal disease and 
gingivitis than in people with a healthy gingiva 
(Moore and Moore, 1994; Moter et al., 1998b; 
Dewhirst et al., 2000). It is estimated that 
approximately 80 different phylotypes of Tre- 
ponema are present in the oral cavity, only 10 of 



which have been speciated (Dewhirst et al., 

2000 ). 

Phylogeny/Taxonomy 

On the basis of comparative analysis of 16S 
rRNA gene sequences, members of the genus 
Treponema form one of the nine phylogenetic 
clusters (genera) of spirochetes (Fig. 2). 
According to the most recent taxonomic 
outline of the prokaryotic genera in Bergeys 
Manual of Systematic Bacteriology , 2nd edition 
(Garrity, 2001), all spirochetes are classified in 
the phylum Spirochaetes in the order Spirochet- 
ales and are divided into three families. The first 
family, Spirochaetaceae, contains species of the 
genera Borrelia, Brevinema, Cristispira, Spiro- 
chaeta, '‘Spironemaf and Treponema. Other 
spirochaetal genera, such as Pillotina, Clevelan- 
dina, Hollandina and Diplocalyx, are included 
in this family, but 16S rRNA sequences of these 
not-yet-cultivated species from the termite 
hindgut are not available to determine their 
true phylogenetic position. The second 
proposed family, “Serpulinaceae,” or “Brach- 
yspiraceae,” contains the species of the genus 
Brachyspira (Serpulina). The third family, 
Leptospiraceae, contains free-living or patho- 
genic species of the genera Leptonema and 
Leptospira. 
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Treponema vincentii (oral group 1); AF033309 
Treponema medium (oral group 1); AF023051 
Oral treponeme clone T3, group 1 ; AF023060 
Oral treponeme clone T19, group 1 ; AF023059 
[Spirochaeta] zuelzerae; M88725 

I Treponema pallidum ss. pertenue; AF42610 

' Treponema pallidum] Nichols strain; M88726 

Treponema refringens] AF426101 

Treponema calligyrum] AF4261 00 





Treponema dentlcola; (oral group 2); M71326 
Oral treponeme clone G93, group 2; AF023032 
Oral treponeme clone G53, group 2; AF023037 
Ovine foot rot treponeme strain G179, AF363634 
Treponema phagedenis] M57739 

— Oral treponeme clone USA, group 3; AF056340 

— Oral treponeme clone AT013, group 3; AF1 82836 
Treponema maltophllum (oral group4); AF023039 
Treponema lecithinolyicum (oral group4); AF023040 

Oral treponeme clone C9, group 4; AF023041 
Oral treponeme clone C25, group 10; AF023043 
Treponema brennaborense (bovine); Y16568 
Termite treponeme clone RFS12; AF068335 
Termite treponeme clone RFS2; AF068429 

Treponema amylovorum (oral group 5); AF023045 
Oral treponeme clone AT040, group 5; AF1 82834 
Oral treponeme clone BH022, group 5; AF1 82837 
Oral treponeme clone G47, group 6; AF056343 
Treponema socranskii (oral group 6); AF033306 
Treponema saccharophilum (bovine); M71238 
Treponema succinifaclens (swine); M57738 
Bovine treponeme strain CA, M59294 
Treponema pectinovorum (oral group 8); M71237 
Treponema parvum (oral group 7); AF033304 
Oral treponeme clone D1 , group 9; AF023050 

t Treponema bryantll (bovine); M57737 
Bovine treponeme clone RF13; AF001745 
Bovine treponeme clone RC1; AF001693 
— Termite treponeme clone NL1; U40791 
- Termite treponeme clone MSI ; X79548 




■E 






Termite treponeme strain Zas-1 ; AF093251 
Termite treponeme strain Zas-2; AF09325 

— [Spirochaeta] caldarla; M 7 1240 
[Spirochaeta] stenostrepta] M88724 

‘‘Spironema” culicis] (mosquito); AF1 66259 

' Spirochaeta isovalerica] M88720 

- Spirochaeta halophila] M88722 

Cristispira sp. oyster clone CPI ; U42638 

Borrelia hermsii] M72398 






Borrelia burgdorferi] M59293 

I Brachyspira aalborgi] Z22781 

' — Brachyspira hyodysenteriae] M57741 
■ Brevinema andersoni (shrew/mouse)] M59179 



■ Leptospira interrogans] XI 7547 
Leptonema mini] M88719 



Treponema 



^ “Spironema” 



] 



Spirochaeta 



^ Cristispira 



] 

] 



Borreiia 

Brachyspira 



^ Brevinema 
^ Leptospira 
Z] Leptonema 



Fig. 2. Phylogeny based on 16S rRNA gene sequence comparisons of members of the genus Treponema. The phylogenetic 
position of known species and phylotypes of Treponema is shown relative to other genera of spirochetes. GenBank accession 
numbers for the 16S rRNA sequences of the species tested are shown. Previously unpublished 16S rRNA gene sequences of 
T. refringens, T calligyrum and T. pallidum subsp. pertenue are reported here for the first time. Similarity matrices were 
corrected for multiple base changes by the method of Jukes and Cantor (1969). The neighbor-joining method (Saitou and 
Nei, 1987) was used for phylogenetic tree construction. TREECON, a software package for the Microsoft Windows environ- 
ment, was used for the construction and drawing of evolutionary trees (Van de Peer and De Wachter, 1994). The scale bar 
represents a 10% difference in nucleotide sequence determined by taking the sum of all of the horizontal lines connecting 
two species. Vertical distance has no meaning. 
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Members of the genus Treponema and three 
species of the free-living Spirochaeta, namely S. 
stenostrepta, S. zuelzerae and S. caldaria, form 
a coherent phylogenetic cluster, referred to as 
the treponemes (Fig. 2). In addition to known 
species of Treponema, novel phylotypes, i.e., spe- 
cies that have not yet been cultivated in vitro, 
have been identified by analysis of 16S rRNA 
genes of DNA isolated from host-associated 
sources, such as the human oral cavity (Choi et 
al, 1994; Dewhirst et al., 2000; Paster et al, 
2001), the hindgut of the termite (Lilburn et al, 
1999), and the bovine rumen (Tajima et al, 
1999). Representatives of each of these phylo- 
types are included in Fig. 2. In the human oral 
cavity, the diversity of treponemes is extensive. 
There are approximately 60 oral species of Tre- 
ponema, of which 50 are presently represented 
only as phylotypes (see expanded phylogenetic 
trees in Dewhirst et al. [2000] and Paster et al. 
[2001]). These oral treponemes have been 
divided into 10 phylogenetic groups (Dewhirst et 
al., 2000; Paster et al., 2001). An equally impres- 
sive diversity of treponemes has been observed 
in the termite hindgut (Lilburn et al., 1999; 
Ohkuma et al., 1999) and is described in detail 
in a separate chapter. 

Three species of the free-living Spirochaeta, 
namely S. stenostrepta, S. zuelzerae and S. cal- 
daria, fall within the Treponema cluster rather 
than within the cluster of other free-living Spiro- 
chaeta (Fig. 2). The phylogenetic clustering of 
these species has been confirmed by single-base 
signature analysis, i.e., the sequences of these 
species possess more characteristic bases found 
in the sequences of the treponemes than in the 
sequences of Spirochaeta species (Paster et al., 
1991). It has been speculated that these free- 
living spirochetes might represent transitional 
species, i.e., descendants of the precursors to 
host-associated treponemes (Paster et al., 1991). 
However, it is possible that these species may 
have originated from the host and were dissem- 
inated via fecal contamination. 



Morphology and Structure- 
Function Relationships 

Selected General Characteristics 

Treponemes, like all spirochetes, are composed 
of an outer membrane (OM) that delimits the 
outer cellular surface of the organisms, a cyto- 
plasmic membrane (CM) that encloses the pro- 
toplasmic cylinder, and flagella that lie in 
between the two membranes (Johnson et al., 
1973; Hovind-Hougen, 1976; Canale-Parola, 
1977; Holt, 1978; Hovind-Hougen, 1983; Walker 
et al., 1989; Fig. 3). Unlike the flagella of mem- 
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Fig. 3. Ultrastmcture of Treponema pallidum subsp. palli- 
dum Nichols. A) Scanning electron micrograph of an intact 
spirochete. B) Negatively stained, intact organisms examined 
by transmission electron microscopy, showing the periplas- 
mic flagella (PF) and the flagellar insertion points near the 
end of the cell (I). The outer membrane can be seen extrud- 
ing from the ends of the cells. C-E) Transmission electron 
microscopy of ultrathin longitudinal and cross sections. The 
locations of the PF, cytoplasmic membrane (CM), outer 
membrane (OM), and cytoplasmic filaments (CF) are indi- 
cated by arrows. The PF are located in the periplasmic space 
and extend from the ends of the cell toward the middle. The 
CF are ribbon-like structures (composed of an 80-kDa pro- 
tein) found only in Treponema or related spirochetes (e.g., 
Spirochaeta zuelzerae) and run parallel to the PF in the cyto- 
plasm of the cell; they are seen here in cross-section. 



bers of other bacterial genera, spirochetal flagel- 
lar organelles lie entirely within the periplasmic 
space between the inner membrane (IM) and 
CM and are commonly referred to as periplasmic 
flagella (PF); other names for PF are endofla- 
gella and axial filaments. The PF attach at either 
pole of the organism through basal body struc- 
tures and wrap around the helical protoplasmic 
cylinder (Hovind-Hougen, 1976; Canale-Parola, 
1977; Holt, 1978). The number of PF and the 
wavelength of the helix differ among members 
of this diverse group of organisms. Treponema 
pallidum and several other treponemes have 
been shown to possess cytoplasmic filaments, 
thin filaments which run the length of the organ- 
ism just under the cytoplasmic membrane 
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(Hovind-Hougen and Birch-Andersen, 1971; 
Eipert and Black, 1979; Hovind-Hougen, 
1983; You et al, 1996; Izard et al, 1999). 

Outer Membrane Structure 

The OM of Treponema pallidum subsp. pallidum 
and pertenue differs significantly from that of 
other organisms in its strikingly low number of 
intramembranous membrane particles when 
examined by freeze fracture microscopy (Radolf 
et al, 1989; Walker et al, 1989; Walker et al., 
1991). In contrast, the free-living Spirochaeta 
aurantia has a number of OM intramembranous 
particles similar to that of Escherichia coli, and 
T. phagedenis Reiter and T. denticola have inter- 
mediate quantities (Radolf et al., 1989; Walker 
et al., 1989). This observation indicates a rela- 
tively low abundance of integral membrane pro- 
teins in the OM of T. pallidum. 

Concerted efforts to identify the OM proteins 
of T. pallidum have been inconclusive. Trepone- 
mal rare outer-membrane proteins (TROMP) 1 
and 2 were identified on the basis of their pres- 
ence in preparations enriched for OM by Blanco 
et al. (1994). TROMPl has been characterized 
as an OM porin that forms a trimeric structure 
(Blanco et al., 1995; Blanco et al., 1996; Blanco 
et al., 1997; Blanco et al., 1999; Zhang et al., 
1999). However, sequence analysis and three 
dimensional structure determinations indicate 
that this protein (also called TroA) is the peri- 
plasmic protein of an ATP-binding cassette 
(ABC) transporter involved in Zn^^ transport 
(Hardham et al., 1997; Lee et al., 1999; Lee et al., 
2002). TROMP2 has sequence similarity to the 
T. pallidum flagellar sheath protein FlaA, but 
the recombinant form is associated with the OM 
of E. coli following heterologous expression 
(Champion et al., 1997). Other proteins, includ- 
ing glycerophosphodiester phosphodiesterase 
(GlpQ) and the T. pallidum repeat (Tpr) pro- 
tein, TprK, have been identified as OM protein 
candidates, but have yielded conflicting data 
(Shevchenko et al., 1997; Shevchenko et al., 
1999; Cameron et al., 1998; Centurion-Lara et 
al., 1999; Hazlett et al., 2001). It has been 
hypothesized that the relatively low abundance 
of OM proteins in T. pallidum may provide an 
antigenically inert surface and thus promote 
evasion of the immune response (Penn et al., 
1985b; Stamm et al., 1987; Radolf, 1994; Blanco 
et al., 1997). 

Another difference between the OMs of 
Gram-negative bacteria and T. pallidum is the 
apparent lack of lipopolysaccharide (LPS) in T. 
pallidum subsp. pallidum (Penn et al., 1985a; 
Radolf and Norgard, 1988a). Both T. phagedenis 
and T. denticola have been shown to contain 
material extractable with phenol-chloroform 



that has properties similar to those of LPS 
(Cockayne et al., 1989; Yotis et al., 1995; Dahle 
et al., 1996; Schultz et al., 1998). A recent analysis 
of phenol/water extracts from T. maltophilum 
and T. hrennahorense cells revealed novel 
glycolipids consisting of a diacylglycerol-lipid 
anchor, a core region, and carbohydrate repeat- 
ing units that interact with LPS -binding protein 
(LBP), CD14, and toll-like receptors TLR2 or 
TLR4, respectively (Schroder et al., 2000). 

Subsurface Structures 

Treponemal subsurface structures are defined as 
those molecules that lie beneath the OM. The 
most prominent structures are the PF, which 
mediate the striking translational and axial 
motility common to all spirochetes (Charon et 
al., 1992; Li et al., 2000). Members of the genus 
Treponema contain two to nine PF inserted into 
each end of the cell (Smibert, 1984a). An 
unusual feature of treponemal PF is that they 
are composed of multiple polypeptide subunits, 
as reviewed previously (Norris and Treponema 
pallidum Polypeptide Research Group, 1993; Li 
et al., 2000). Sodium dodecyl sulfate-polyacryla- 
mide gel electrophoresis (SDS-PAGE) analysis 
has shown that Treponema pallidum subsp. pal- 
lidum PF is composed of at least four polypep- 
tides with molecular weights of 37, 34.5, 33, and 
31 kDa, while the PF of Treponema phagedenis 
biotypes Reiter and Kazan 5 are made up of 
four polypeptides with similar molecular 
weights (Sand-Peterson et al., 1981; Limberger 
and Charon, 1986; Radolf et al., 1986; Blanco et 
al., 1988; Norris et al., 1988b). FlaBl (34.5 kDa), 
FlaB2 (33 kDa), and FlaB3 (31 kDa) are closely 
related to one another and to the flagellins of 
other bacteria (Pallesen and Hindersson, 1989; 
Champion et al., 1990) and comprise the central 
core of the flagella (Cockayne et al., 1987). 
Interestingly, the predicted products of the three 
encoding genes are all -31,000 Da; the differ- 
ences in electrophoretic mobility may be due to 
glycosylation (Norris and Treponema pallidum 
Polypeptide Research Group, 1993; Wyss, 1998). 
FlaA forms a sheath on the outer surface of the 
flagellar shaft and is expressed as a precursor 
protein with a signal sequence (Cockayne et al., 
1987; Isaacs et al., 1989; Isaacs and Radolf, 
1990). The flagella of the other members of the 
genus Treponema examined thus far have a sim- 
ilar protein content and structure (Limberger 
and Charon, 1986; Norris et al., 1988b; Ruby et 
al., 1997). 

Additional motility-related operons encoding 
basal body and accessory proteins have been 
characterized in T pallidum (Limberger et al., 
1996; Fraser et al., 1998), T denticola (Heinzer- 
ling et al., 1997; Stamm and Bergen, 1999; Stamm 
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and Bergen, 2001), and T. phagedenis (Lim- 
berger et al., 1996). These loci are highly 
conserved relative to the motility operons of 
Gram-positive and Gram-negative bacteria. 

In addition to the proteins that make up the 
PF subunit structures, several antigenic polypep- 
tides from Treponema pallidum subsp. pallidum 
and pertenue, ranging in molecular weights from 
12 to 190 kDa, have been identified by immuno- 
precipitation, crossed immunoelectrophoresis, 
and western blot analysis (reviewed by Norris 
et al. [1987] and Norris and the Treponema pal- 
lidum Polypeptide Research Group [1993]). 
Characterization of Treponema pallidum subsp. 
pallidum by two-dimensional electrophoresis 
has revealed at least 78 antigenic polypeptides 
(Norris and Sell, 1984; Norris et al., 1987; Norris 
and Treponema pallidum Polypeptide Research 
Group, 1993). Phase partitioning with the non- 
ionic detergent Triton X-114 has resulted in iden- 
tification of several Treponema pallidum subsp. 
pallidum antigenic polypeptides in the hydro- 
phobic phase with molecular weights of 14- 
57 kDa (Cunningham et al., 1988; Radolf et al., 
1988b; Norris and Treponema pallidum Poly- 
peptide Research Group, 1993). The majority of 
these antigens are, in fact, lipoproteins, which 
anchor to the CM or OM by means of their 
covalently attached fatty acids (Chamberlain 
et al., 1989a; Chamberlain et al., 1989b; Swancutt 
et al., 1990). Three of these lipoproteins, the 
pathogen-specific 47-, 34-, and 15-kDa antigens 
(Radolf and Norgard, 1988a), stimulate immobi- 
lizing antibody (47 and 34 kDa), treponemicidal 
antibody (47 kDa), and lymphocyte proliferative 
responses (15 kDa; Robertson et al., 1982; Jones 
et al., 1984; Baker-Zander et al., 1988). Immun- 
ofluorescent studies indicate that the major lipo- 
proteins are anchored to the outer leaflet of the 
CM, and little if any of these antigens is 
expressed on the OM surface (Cox et al., 1995). 
Many genes expressing T pallidum subsp. palli- 
dum antigens were cloned, expressed in E. coli 
and sequenced in the late 1900s (reviewed by 
Norris and the Treponema pallidum Polypeptide 
Research Group, 1993), and several of these 
have been identified as useful serodiagnostic 
antigens (Larsen et al., 1999). 

Masuda and Kawata (1989) initially isolated 
and characterized the cytoplasmic filaments (CF) 
of T phagedenis and other treponemes; they 
found that these structures were comprised of a 
single major 80-kDa polypeptide. The genes 
encoding the 80-kDa subunit called “CfpA” of 
T pallidum subsp. pallidum and pertenue, T 
phagedenis, T denticola and T vincentii have 
since been cloned and characterized (You et al., 
1996; Izard et al., 1999). Izard et al. (2001) con- 
structed a targeted disruption mutant of cfpA 
in T denticola, which resulted in loss of the 



cytoplasmic filaments. They found that the muta- 
tion had pleiotropic effects, including an abnor- 
mal condensation of chromosomal DNA and 
incomplete cell division. These effects suggest 
that the cytoplasmic filaments are involved in 
DNA segregation and/or cell division (Izard 
et al., 2001). 

The major 60-kDa polypeptide of Treponema 
pallidum subsp. pallidum has been shown to be 
the subunit of a multimeric protein homologous 
to the groEL chaperonin protein of E. coli 
(Houston et al., 1990). These chaperonins are 
found in all prokaryotes and eukaryotes and 
apparently are involved in protein folding and 
assembly. Similar proteins exist in the other 
treponemes. 

Isolation, Identification, 
and Characterization 

Human Treponemal Pathogens 

Methods of Isolation and Cultivation Lim- 
ited multiplication of Treponema pallidum subsp. 
pallidum has been obtained in a tissue culture 
system (Fieldsteel et al., 1981), as reviewed pre- 
viously (Cox, 1994; Norris et al., 2001). However, 
continuous in vitro culture has not been 
achieved, thus precluding the use of this pro- 
cedure for isolation and identification. Trepo- 
nema pallidum subsp. pallidum, pertenue and 
endemicum, along with the rabbit pathogen Tre- 
ponema paraluis-cuniculi can be isolated by inoc- 
ulation of infectious tissue or exudates into adult 
male rabbits by either the intratesticular or intra- 
dermal routes. Treponema carateum is isolated 
by the intradermal inoculation of chimpanzees 
or other primates (see Table 1 for animal suscep- 
tibility to cutaneous lesions). Detailed proce- 
dures for the preparation of suspensions and 
methods of inoculation, and accepted criteria for 
determining infectivity, and identification by 
dark-field microscopy have been described by 
Turner and Hollander (1957) and Miller (1971). 
The development of lesions in these animals 
characteristic for each species and subspecies of 
Treponema (Turner and Hollander, 1957; Miller, 
1971), as well as the pattern of lesion develop- 
ment in human disease (see Table 1 and Miller, 
1987), are useful criteria for identification. Sev- 
eral isolates of Treponema pallidum subspecies 
continue to be propagated by intratesticular pas- 
sage in rabbits. The Nichols strain of Treponema 
pallidum s\xh^>. pallidum has been passaged con- 
tinuously by this route since 1912. It has been 
studied more extensively than any other isolate 
and is the strain used in the preparation of tre- 
ponemal antigens for immunologically specific 
serodiagnostic assays. 
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The in vitro multiplication of T. pallidum 
subsp. pallidum in a tissue culture system was 
first described by Fieldsteel et al. (1981). Tre- 
ponemes extracted from infected rabbit tests are 
inoculated into cultures of SflEp rabbit epithe- 
lial cells (American Type Culture Collection 
[ATCC], Rockville, MD, USA). The medium 
used is a modification of Eagle’s minimal 
essential medium with Earl’s salts, containing 
13.9 mM D-glucose, 0.63 mM dithiothreitol, 
31.3 mM HEPES (A-2-hydroxyethylpiperizine- 
A'2-ethane sulfonic acid) buffer (pH 7.4), resa- 
zurin (0.126 mg/ml), and 20% fetal bovine serum 
or calf serum inactivated at 56°C for 30 min. 
Optimal conditions for growth consist of incuba- 
tion at 33-35°C in an atmosphere containing 1.5- 
5% O 2 , 5% CO 2 , and the balance N 2 (Fieldsteel 
et al., 1982). Treponema pallidum subsp. palli- 
dum attaches to the SflEp cells and multiplies 
on the mammalian cell surface (Fieldsteel et al., 
1981; Konishi et al., 1986). Under these condi- 
tions, the Nichols strain of Treponema pallidum 
subsp. pallidum can increase in numbers up to 
100-fold and maintain viability and infectivity for 
rabbits for 12-15 days. Although several strains 
of T pallidum subsp. pallidum multiply in this 
system, isolates of T pallidum subsp. pertenue 
and endemicum fail to grow (Cox et al., 1984). 
Attempts to extend multiplication by subcul- 
ture have thus far been unsuccessful (Norris 
and Edmondson, 1986a; Norris et al., 2001). 
Enhanced multiplication of T pallidum subsp. 
pallidum can be achieved in a modified medium 
{T pallidum Culture Medium or TPCM) that 
contains the additives cobalt chloride, cocarbox- 
ylase, mannitol, histidine, superoxide dismutase 
and catalase (Cox et al., 1990; Cox, 1994). These 
agents help to scavange reactive oxygen interme- 
diates and hence reduce oxygen toxicity. 

Little is known about the growth requirements 
of Treponema pallidum. Treponemal multiplica- 
tion does not occur in the absence of mammalian 
cells; the reason for this dependence has not 
been determined. The requirement for serum is 
stringent, and the required components are asso- 
ciated with the protein fraction (Norris and 
Edmondson, 1986b). Inasmuch as only certain 
lots of fetal bovine or calf sera are effective in 
maintaining growth, serum lots must be pre- 
screened for this activity. Human serum inacti- 
vated at 56°C for 30 min can also fulfill the serum 
requirement (Norris and Edmondson, 1986b). 
Optimal multiplication at 1.5-5% O 2 (Fieldsteel 
et al., 1982; Cox et al., 1990) and metabolic and 
survival studies (reviewed by Cox [1983], Jenkin 
and Sandok [1983], Sell and Norris [1983], and 
Norris et al. [2001]) provide evidence that Tre- 
ponema pallidum subsp. pallidum is microaero- 
philic. Optimal growth of Treponema pallidum 
^\xh^p. pallidum (Nichols) at 33-35°C (Fieldsteel 



et al., 1982) in vitro mirrors its in vivo growth, as 
seen in rabbits where infection is enhanced in 
cooler regions of the body, such as the testes and 
exposed areas of the skin (Turner and Hollander, 
1957; Miller, 1971). 

Identification in Exudates and Tissues The 
restrictions of in vitro cultivation, together with 
the impracticability of animal inoculation, pre- 
clude the use of these isolation procedures in the 
diagnosis of treponemal disease. At present, the 
identification of treponemes in lesion exudates 
from patients with early-acquired treponemal 
disease or early congenital syphilis is usually 
attempted by dark-field microscopy and is based 
upon the demonstration of characteristic mor- 
phology and motility. Unfortunately, the use of 
dark-field microscopy for the identification of T 
pallidum and diagnosis of syphilis and other tre- 
ponemal infections has several limitations: 

1. Treponema pallidum identification can be 
difficult because of the potential presence of host 
indigenous, nonpathogenic treponemes with sim- 
ilar morphology and motility characteristics in 
the oral cavity, genitalia, and gastrointestinal 
tract, precluding an unequivocal identification 
from these sites. Indeed, dark-field examination 
of lesions within the oral cavity and the anal 
region is most often contraindicated due to the 
potential presence of nonpathogenic spirochetes. 

2. Prepared slides must be examined rapidly. 
The relatively rapid loss of motility in the pres- 
ence of atmospheric O 2 necessitates that slide 
specimens be examined within a short period of 
time after preparation (15-30 min) to ensure the 
observation of characteristic movement. This 
restriction not only reduces the chances for accu- 
rately identifying organisms in the exudate but 
also reduces the probability of observing the tre- 
ponemes that might be present. 

3. Sensitivity is relatively poor. Dark-field 
examination of lesion exudates from patients 
with early treponemal disease may be negative, 
despite the presence of Treponema pallidum. 
This lack of sensitivity is not surprising. Dark- 
field examination of Treponema pallidum sus- 
pensions containing 10^ organisms per ml would 
present as 2 organisms per high dry field (HDF) 
and 10^ treponemes per ml of lesion exudate (a 
significant number of organisms) would present 
as 2 organisms per 1,000 HDFs and would not be 
detectable. 

4. A specially equipped microscope is 
required, as well as personnel with considerable 
training, experience, and expertise. This combi- 
nation is generally not available at most health 
care facilities. As a result, dark-field examination 
may not be done or may be performed incor- 
rectly. Again, because antibody may be lacking 



CHAPTER 4.2 



The Genus Treponema 219 



or its presence is inconclusive, this creates a seri- 
ous problem for both physicians and health care 
officers responsible for controlling spread of the 
disease. 

The limitations associated with dark-field 
examination have been recognized since the pro- 
cedure was first described, and as might be 
expected, attempts have been made to develop 
a more efficient method. One such assay utilizes 
direct immunofluorescence and is referred to as 
the “Direct Fluorescent Antibody Test for T. pal- 
lidum'' (DFA-TP; Larsen et al., 1998, 1999). With 
this procedure, lesion material or tissue sections 
are fixed to a microscopic slide and combined 
with fluorescein isothiocyanate-labeled rabbit, 
Sinti-Treponema pallidum immunoglobulin con- 
jugate previously absorbed with crossreacting 
nonpathogenic treponemes to render it specific 
for T. pallidum. Following a 30-min incubation 
and washing, the slide is examined for the pres- 
ence or absence of treponemes by fluorescence 
microscopy. This immunological procedure pro- 
vides the opportunity to examine accurately not 
only smears from oral and anal lesions, but also 
tissue sections for the presence of treponemes. 
In addition, the organisms need not be motile, 
thus eliminating the need for immediate exami- 
nation. The use of adequate controls with this 
assay is essential because conjugates of poor 
specificity due to incomplete absorbance of 
crossreacting antibodies may give misleading 
results. 

A modification of this procedure (DFAT-TP) 
can be used for identification of T. pallidum in 
tissue sections (Larsen et al., 1998). 

Silver impregnation methods have proven 
valuable in the identification of treponemes in 
tissues. However, their technical difficulty, poor 
reproducibility, and presence of artifacts resem- 
bling treponemes often make identification diffi- 
cult. The modified Krajian procedure is one of 
many available silver impregnation methods and 
is described in detail by Miller (1971), along with 
techniques for tissue fixation, embedding and 
sectioning. A method in which the tissue sections 
are heated in a microwave oven (Swisher, 1987) 
provides more rapid and reproducible staining. 

Another method that has been developed for 
the detection of T. pallidum in recent years has 
been PCR (reviewed by Larsen et al., 1999). New 
procedures permit not only the detection of T. 
pallidum, but also the identification of subspe- 
cies (Centurion-Lara et al., 1998) or even the 
direct detection and delineation of T. pallidum 
swhsp. pallidum strains during syphilis outbreaks, 
using lesion exudates or blood (Pillay et al., 1998; 
Sutton et al., 2001). 

A discussion of nontreponemal and trepone- 
mal tests in the serological diagnosis of trepone- 



mal infection is beyond the scope of this chapter. 
However, detailed presentations of the princi- 
ples, procedures, interpretations of results, pre- 
cautions, and potential problems associated with 
these serological assays are available (Larsen et 
al., 1998, 1999). 

Oral Spirochetes 

Isolation and Preservation 

General Comments Owing to their fastidious 
nature, most oral treponemes cannot be cultured 
on a routine basis. Their isolation requires 
complex media and microaerophilic or strictly 
anaerobic growth conditions rendering their cul- 
tivation laborious, time-consuming, and often 
frustrating. Oral treponemes were first cultured 
by Noguchi in 1912 using a medium containing 
sheep serum and kidney tissue or rabbit or sheep 
testicle. A routine method for culturing small 
oral treponemes was published by Hampp and 
Bethesda (1943), and since then, media have 
been supplemented with a variety of components 
such as serum, volatile fatty acids, vitamins, car- 
bohydrates or sterilized body fluids. However, 
because nutritional needs of oral treponeme spe- 
cies vary as much as their diversity, there is no 
single medium optimal for the recovery of all 
oral treponemes. Addition of up to 10% inacti- 
vated animal serum has been used successfully 
for cultivation of many species. However, some 
fermentative treponemes, e.g., T. maltophilum 
and T. lecithinolyticum, were found to be inhib- 
ited by serum (Koseki et al., 1996b; Wyss et al., 
1996, 1999). Systematic studies on essential 
nutrients and environmental growth factors are 
scarce. Fiehn investigated nine oral, small-sized 
spirochete strains (Fiehn, 1989). These strains 
grew in the absence of rabbit serum. Human 
globulin and certain carbohydrates stimulated 
growth, while bovine albumin and long-chain 
fatty acids inhibited growth. The pH optimum 
was 7.5. Changes by only one half of a pH 
unit resulted in approximately 50% growth 
reduction. 

Atmospheric Requirements In general, oral tre- 
ponemes are sensitive to oxygen. In the study 
mentioned above, spirochetes tolerated 3% oxy- 
gen, but strictly anaerobic culturing conditions 
gave the highest average cell yields. Handling of 
cultures under aerobic conditions decreased cell 
counts (Fiehn, 1989). Therefore culturing can 
be accomplished with an anaerobic chamber, 
anaerobic jars, or roll tubes. The gas mixture 
used in an anaerobic jar with palladium catalyst 
can be either a hydrogen-generating system, 
such as GasPac (BBL) envelope, or a tank gas 
mixture containing H 2 and CO 2 , e.g., 95% H2-5% 
CO 2 . Handling of cultures in an anaerobic glove 
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box is of help, and prereduction of growth media 
prior to inoculation of the sample in anaerobic 
jars is advantageous. The plate-in-bottle method 
(Umeda et al, 1990) has been developed to pro- 
duce strict anaerobic conditions. Autoclaved 
steel wool (1.0 g) was activated by an acidic cop- 
per sulfate solution and placed quickly in a stain- 
less steel pan inside a glass bottle that contained 
growth medium. All steps were carried out under 
anaerobic conditions by flushing with 100% CO 2 
gas. This technique yielded a higher recovery of 
oral treponemes from subgingival plaque than 
the anaerobic chamber yielded (Koseki et al., 
1996a). 

Growth Media and Microscope Observation 
Treponemes can be cultured in semisolid or liq- 
uid media either in roll tubes or on agar plates. 
Observations of growth, size, purity of strains, 
multiplication and motility should be conducted 
by dark-fleld microscopy every 3-8 days. The 
media most commonly used are as follows. 

GM-1 and NOS Medium The GM-1 and new 
oral spirochete (NOS) medium supplemented 
with rifampicin as selective agent both resulted 
in high recovery of oral spirochetes (Blakemore 
and Canale-Parola, 1976; Leschine and Canale- 
Parola, 1980). Gingival crevice material was col- 
lected with sterile toothpicks and subsequently 
placed in tubes with prereduced medium. Tubes 
were gently shaken for 2 hours and serially 
diluted into tubes of melted GM-1 or NOS agar. 
After incubation at 37°C, spirochete colonies 
appeared as “cotton balls” or “transparent bub- 
bles” within the agar. They were removed with 
sterile Pasteur pipettes for successive transfer in 
agar medium. NOS-medium has been used to 
isolate various species, e.g., T. denticola, T. vin- 
centii, T. socranskii and T. phagedenis and, sup- 
plemented with pectin, the treponemes from the 
Smibert collection (Chan et al., 1993a; Paster et 
al., 1998). For enumeration of colony forming 
units, NOS medium was solidified by the addi- 
tion of agarose (NOS-A), gelatin/Noble Agar 
(NOS-GN) or gelatin/Bacto agar (NOS-GB; 
Chan et al., 1993b; Chan et al., 1997; Qiu et al., 
1994). NOS medium was used also to study 
the growth requirements of nine small-sized 
oral spirochetes by varying oxygen content, pH 
or nutrient factors (Fiehn, 1989). For details 
of the formula, see ATCC medium (http:// 
www.atcc.org/) no. 1357 and no. 1494. 

OTI Medium The oral treponeme isolation 
medium (OTI) contains pectin, clarified rumen 
fluid, yeast autolysate and serum. It was first used 
to culture treponemes from young human adults 
with experimental gingivitis (Moore et al., 1982). 
For isolation of treponemes, authors used the 



membrane technique described below. This way 
T. pectinovorum, T. socranskii subsp. socranskii, 
T. socranskii subsp. huccale and T. socranskii 
subsp. paredis were isolated from periodontitis 
patients for the first time (Smibert and Burmeis- 
ter, 1983; Smibert et al., 1984b). For the formula, 
see ATCC medium (http://www.atcc.org/) no. 
1367. 

(M)TYGVS Medium TYGVS is modified 
Laughon medium (Laughon et al., 1982) and has 
been used for enzyme analyses of T. denticola 
(Otha et al., 1986) and quantitative recovery of 
spirochetes from subgingival plaque (MTYGVS; 
Salvador et al., 1987). Combined with the filter 
technique, this medium allowed the isolation of 
treponemes from different clinical sources, 
including the novel species T. medium (DiRienzo 
et al., 1991; Nakazawa et al., 1997; Umemoto et 
al., 1997; Sato and Kuramitsu, 1999). 

Medium 10 Medium 10 (MIO), a medium with- 
out serum and rumen fluid, was originally 
designed for nonselective enumeration and cul- 
tivation of rumen bacteria (Caldwell and Bryant, 
1966). It was later successfully used to isolate 
treponemes from plaque samples of periodonti- 
tis patients. While well suited for primary isola- 
tion of treponemes, it could not be used for 
maintaining the strains. The authors later devel- 
oped enriched mediumlO, containing trypticase 
peptone, yeast extract, glucose and volatile fatty 
acids (Koseki et al., 1996b). 

OMIZ-Pat To develop a chemically defined 
medium for culturing a wide range of oral anaer- 
obes, Wyss (1992) described the OMIZ-Wl, con- 
taining more than 80 components. This medium 
is laborious to prepare. However, using this mix- 
ture supplemented with asialofetuin, a methanol 
soluble fraction of yeast extract, neopeptone and 
some carbohydrates, a number of new oral tre- 
poneme species were cultivated (Wyss et al., 
1996). This complex medium was called “OMIZ- 
Pat.” For isolation of new strains, antibiotics 
rifampicin and phosphomycin were added and a 
limiting dilution technique in 96-well plates was 
performed. This technique succeeded in the 
isolation of T. maltophilum (Wyss et al., 1996); 
supplemented with human serum, T. amylo- 
vorum (Wyss et al., 1997); prepared without 
dipalmitoyl phosphatidylcholine, T. lecithinolyti- 
cum (Wyss et al., 1999); and supplemented with 
serum, polymyxin and nalidixic acid, T. parvum 
(Wyss et al., 2001). For the formula, see ATCC 
medium (http://www.atcc.org/) no. 2131. 

Systematic comparisons of different growth 
media are rare. The detection frequency and 
recovery of oral treponemes from subgingival 
plaque in different cultivation media were inves- 
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ligated (Koseki et al, 1995; Koseki et al, 1996a). 
The authors used MIO, MIO supplemented with 
rumen fluid, serum or rifampicin, NOS, NOS 
with rifampicin, altered oral treponeme isolation 
medium (aOTI) and enriched trypticase soy 
agar. NOS yielded the highest detection fre- 
quency of treponemes in all samples tested, 
whereas MIO with 10% rabbit serum showed the 
highest number of colony-forming units of tre- 
ponemes in the positive samples. Therefore, the 
authors recommended MIO combined with the 
plate-in-bottle technique for high recovery of 
oral treponemes from subgingival plaque. How- 
ever, cultivation bias may be significant as 
serum-free MIO selected mainly saccharolytic 
strains such as T. socranskii or related species 
(Koseki et al., 1995; Koseki et al., 1996a). 

Techniques for Isolation of Treponemes from 
Clinical Samples It is difficult to obtain pure 
subcultures of treponemes from highly contami- 
nated primary cultures. Because of bacterial 
coaggregation in subgingival plaque, it is neces- 
sary to disrupt the biofilm to obtain single species 
colonies; however, care should be taken not to 
harm the fragile treponemes by the procedures 
used. This issue has been addressed by Salvador 
et al. (1987) in studying the quantitative recovery 
of oral spirochetes after sonification, mechanical 
mixing, and homogenization of plaque samples, 
the latter technique being the most suitable one. 

Though most media for isolation of tre- 
ponemes are highly enriched, long cultivation 
periods up to two weeks may be required. Most 
isolation techniques rely on treponeme motility. 
In solid or semisolid media, treponeme colonies 
appear hazy, like cotton balls or nearly transpar- 
ent bubbles within the agar (Paster and Canale- 
Parola, 1982). Colonies can be removed using 
sterile Pasteur pipettes and can be cloned by 
several rounds of subcultivation to obtain 
isogenic colonies. 

Well-Plate Method This method uses agar 
plates containing a thick layer of solid medium 
with a well cut into the center of the plate (Rose- 
bury and Foley, 1941; Hampp and Bethesda, 
1943). Clinical samples are placed into agar wells 
and incubated anaerobically. Treponemes appear 
as a white haze growing out from the well into 
the agar and away from contaminants. Agar 
plugs of the leading haze are cut with sterile glass 
pipettes and transferred into agar wells of fresh 
agar plates. This procedure was used successfully 
to isolate Treponema medium (Umemoto et al., 
1997). 

Membrane-Filter Methods These techniques 
rely on the ability of treponemes to pass through 
pores of membrane filters that hold back most 



other bacteria. These methods are limited, there- 
fore, to the isolation of treponemes smaller than 
other bacteria. Samples are inoculated onto 
membrane filters placed on top of agar media 
with a pore size ranging from 1.5-100 pm. A 
sterile O-ring sealed to the filter with 3% agar 
can help to keep the sample in place. This pre- 
vents other bacteria from swarming or being 
washed off and growing on the agar medium 
(Loesche and Socransky, 1962; Moore et al., 
1982). Motile treponemes migrate through the 
pores of the filter and grow into the agar 
medium. After 2 days to 2 weeks, filters are 
removed and agar plates are further incubated 
and observed for the development of colonies 
that can be picked and subcultured. This tech- 
nique allowed the isolation of T. denticola, T. 
pectinovorum and T socranskii spp. (Smibert 
and Burmeister, 1983; Smibert et al., 1984b; 
Chan et al., 1993a). 

Serial Dilutions Treponemes can be isolated 
using the limiting dilution assay in liquid media 
(Wyss et al., 1996). Treponema maltophilum was 
isolated by ten-fold dilutions of selective 
medium with subgingival plaque in 96-well 
plates. After anaerobic incubation of plates, dilu- 
tions of 10“^ to 10“^ resulted in growth in about 
50% of the wells. After 10 days, wells were exam- 
ined for growth of spirochetes, and respective 
samples were subcultured on solid media for fur- 
ther isolation. 

U-tuhe Method Patient samples also can be 
incubated in U-tubes containing pectin medium 
(Dahle et al., 1995). In these U-tubes, the “bac- 
terial sample side” and the “sterile medium side” 
are separated by a membrane filter and an agar 
plug at the caudal part of the tube. The bacterial 
sample is placed on the agar-plug side of the 
tube, whereas fresh medium is added on the 
other side. The U-tube is then incubated for 4 
days. The sterile medium side is examined daily 
for viable treponemal cells by aspirating a drop 
of culture with a needle and observation in a 
dark-field microscope. Motile treponemes start 
to migrate through the agar-plug and the mem- 
brane immediately after being transferred to the 
U-tube. Using this technique, the authors man- 
aged to isolate treponemes from all 51 clinical 
samples investigated. 

Selective Media While most conventional iso- 
lation techniques depend upon the migration 
of treponemes, therefore selecting for highly 
motile or slender treponemes, selective media 
allow isolation independent of motility or size. 
Treponemes are resistant to a number of antimi- 
crobial agents (Abramson and Smibert, 1971). 
Rifampicin, phosphomycin and polymyxin have 
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been used to suppress contaminating oral flora, 
allowing the isolation of slowly growing spiro- 
chetes. Addition of rifampicin significantly 
increased the numerical ratio of spirochete 
colonies to other oral species (Leschine and 
Canale-Parola, 1980; Koseki et al, 1996a), thus 
facilitating the isolation and enumeration of 
spirochetes. On the other hand, addition of anti- 
biotics strongly reduced the absolute number of 
spirochete colony forming units (Koseki et al., 
1996a). Antibiotics have successfully been used 
in combination with various media: NOS was 
supplemented with rifampicin (4 mg/liter) (Chan 
et al., 1993a) or with rifampicin (1 mg/liter) plus 
phosphomycin (100 mg/liter; Chan et al., 1997); 
MIO was supplemented with rifampicin (5 mg/ 
liter; Koseki et al., 1996a); OTI with rifampicin 
(2 mg/liter) plus polymyxin (800 U/ml; Smibert 
et al., 1984b); and OMIZ-Pat with rifampicin 
(1 mg/liter) plus phosphomycin (100 mg/liter; 
Wyss et al., 1996). 



Subcultivation and Preservation of Cultures 
The isolation procedures described above select 
treponemes from other bacteria, but not from 
different species of treponemes. Isolated colo- 
nies from mixed treponemal cultures must, 
therefore, be streaked and subcultured several 
times. Fiehn et al. used a dilution technique for 
subcultures. An agar plug with colony material 
was transferred to liquid medium. After 4 days 
of growth, a 10-fold serial dilution of the culture 
was re-streaked on solid media and incubated for 
a 14-day period again to obtain single-species 
colonies (Fiehn et al., 1995). Pure-culture iso- 
lates must be identified to the species level and 
must be fully characterized prior to conduct of 
further studies. As treponemes do not typically 
form colonies on the surface, but rather migrate 
into solid media, the agar should be softer than 
usual to allow treponemes to migrate. Concen- 
trations of 1.25-1.3% Bacto-agar or Noble agar 
are therefore recommended. All cultures must 
be examined by dark-field microscopy (magnifi- 
cation at least lOOOx) to determine purity. 

Depending on the species, treponemes are 
transferred to a suitable medium every 3-7 days 
for experimental use. For preservation of tre- 
poneme cultures over several months or years, 
cryoprotective agents such as 10-15% glycerol or 
3% dimethylsulfoxide (DMSO) are added to the 
liquid cultures. Aliquots are prepared in sterile 
cryotubes that are gassed with N 2 until the top is 
closed and stored in liquid nitrogen or a freezer 
at -70 or -80°C. To recover the cultures, aliquots 
are removed from storage, thawed to room tem- 
perature, transferred to fresh, pre-reduced 
medium, and incubated at 37°C until growth is 
observed. 



Digital Dermatitis Spirochetes 

Digital dermatitis is a condition occurring in 
ungulates, including cattle and sheep, in which 
ulcers or papillomatous lesions occur either in 
the pastern region or between the hooves (Cheli 
and Mortellaro, 1974; Blowey and Sharp, 1988; 
el-Ghoul and Shaheed, 2001). Although the 
lesions represent a polymicrobial infection, tre- 
ponemes are prominent constituents (Blowey et 
al., 1994; Walker et al., 1995; Borgmann et al., 
1996; Dopfer et al., 1997; Demirkan et al., 1999; 
Mumba et al., 1999b; Collighan et al., 2000). At 
least five different phylotypes of Treponema 
can be present (Choi et al., 1997), including 
organisms with rDNA sequences resembling 
those of T. denticola, T. vincentii and T. maltophi- 
lum. Fluorescence in situ hybridization with 
rDNA probes (Fig. 4) indicates that, as in 
periodontal plaque (Moter et al., 1998a), the 
microbial flora in bovine digital dermatitis are 
stratified with different treponemal phylotypes 
occupying different layers of the biomass (Moter 
et al., 1998b). On the basis of PCR results, topical 
antibiotic treatment reduces, but does not 
appear to eradicate, the treponemal infection 
(Mumba et al., 1999a). Thus far, only one isolate 
has been speciated and was provided the name 
Treponema hrennahorense (Schrank et al., 1999); 
this organism was isolated using the OMIZ-Pat 
medium described above. Two treponemal iso- 
lates have been obtained from a condition called 
“severe virulent ovine foot rot” (SVOFR; Naylor 
et al., 1998; Demirkan et al., 2001), which 
appears to be distinct from the interdigital infec- 
tion in which Dichelohacter nodulans and other 
bacteria are the primary causative agents. In one 
of these studies, immunomagnetic separation 
using magnetic beads coated with anti-trepone- 
mal antibodies was employed as a novel 
approach to enriching for spirochetes prior to 
culture. The spirochetes from SVOFR cases were 
cultured using Oral Treponema Enrichment 
Broth (OTEB; Anaerobe Systems, Morgan Hill, 
CA, USA) supplemented with rifampicin (5 mg/ 
liter) and nalidixic acid (500 mg/liter) to inhibit 
growth of other bacteria. 

Skin Commensal Spirochetes 

Treponema phagedenis, T refringens and T 
minutum are spirochetes that can be isolated 
from human sebaceous secretions and desqua- 
mated epithelial cells in skin folds of the genital 
region. Specimens can be collected using moist- 
ened sterile swabs, and the organisms can be 
cultured readily under anaerobic conditions at 
37° C in thiogly collate medium with 10% heat- 
inactivated rabbit serum (or a variety of other 
serum-containing media). Rifampin (2 qg/ml) 
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Fig. 4. Treponemes in a bovine digital dermatitis biopsy, as shown by fluorescence in situ hybridization (FISH). A) Simulta- 
neous hybridization with EUB338FITC and DDK4Cy3, a probe specific for treponemes associated with digital dermatitis. 
Note the stratification with EUB338-positive bacteria (green) predominantly on the outer surface and DDK4-positive 
treponemes (yellow) within the stratum corneum and the stratum spinosum. B) High-power view. Single spirochetes seem 
to invade the tissue through the intercellular spaces in the stratum corneum (top) and the stratum spinosum (bottom). 
Epidermal cells exhibiting weak autofluorescence with black nuclei allow orientation within the tissue. From Moter et al. 
(1998b), with permission. 



and polymyxin (800 |dg/ml) can be added to 
inhibit the growth of other bacteria. 



Genetics 

The genome of Treponema pallidum subsp. pal- 
lidum Nichols was sequenced in 1998 (Fraser et 
al, 1998) and consists of a single circular chro- 
mosome of 1,138,006 bp. The G+C content of 
52.8 mol% is considerably higher than that of 
T denticola (-37%), T. phagedenis (38-39%), 
and T refringens (41.5%; Miao and Fieldsteel, 
1978), consistent with the evolutionary distance 
between the noncultivated, pathogenic tre- 
ponemes and the cultivable Treponema. The 
pathogenic Treponema (Table 1) are essentially 
a clonal population. By all indications, this group 
of organisms have essentially identical genomes 
that differ by only a few base pairs concentrated 
in a relatively small number of repetitive genes 
or sequences (Miao and Fieldsteel, 1980; Field- 
steel, 1983; E. Sodergren, unpublished data). The 
regions flanking tppl5, encoding a 15-kDa lipo- 
protein, contain heterogeneous sequences and 
have been utilized to devise PCR, sequencing, 
and restriction fragment length polymorphism 
(RFLP) techniques for distinguishing T palli- 
dum subspecies and strains (Centurion-Lara et 
al., 1998). A set of 12 related T pallidum repeat 
{tpr) genes constitute “hot spots” of recombina- 
tion in T pallidum, and the resulting heteroge- 
neity represents a major portion of the genetic 
differences between strains (Centurion-Lara et 



al., 2000a; Centurion-Lara et al., 2000b; Stamm 
and Bergen, 2000; E. Sodergren, unpublished 
data). Recently, Pillay et al. devised a system 
utilizing a combination of PCR and RFLP of tpr 
genes and the acidic repeat protein gene {arp) to 
distinguish between T pallidum subsp. pallidum 
strains in skin lesions or blood from syphilis 
patients (Pillay et al., 1998; Sutton et al., 2001). 
It should be emphasized, however, that nearly all 
other sequences examined have been identical in 
T pallidum strains, and the overall genome 
arrangement appears to be invariant among the 
T pallidum strains and subspecies. 

The T pallidum subsp. pallidum Nichols 
genome encodes -1,040 open reading frames, 
which have been evaluated in some detail in 
other publications (Fraser et al., 1998; Radolf et 
al., 1999; Norris et al., 2001). The resulting infor- 
mation has been incorporated in the Physiology 
section and elsewhere in this chapter. 

The T denticola ATCC 35405 genome is also 
being subjected to sequence analysis, and at 
the time of this writing, the sequence is 
nearly completed. The genome is a single circular 
chromosome approximately 2.8 million base 
pairs (Mb) in size; a similar size of 3.0 Mb was 
determined previously by physical mapping of T 
denticola ATCC 33520 (MacDougall and Saint 
Girons, 1995). In addition, T denticola and other 
oral treponemes have been found to contain cir- 
cular plasmids ranging in size from 2.0 kb to 
4.2 kb (MacDougall et al., 1992; Chan et al., 
1996). The 4.2-kb plasmid, pTSl, was present in 
several different periodontal isolates, including 
clones of T denticola and T socranskii (Chan et 
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al, 1996); in addition, transfer of a plasmid from 
T. denticola to Streptococcus gordonii has been 
demonstrated in broth and artificial biofilm cul- 
tures (Wang et al, 2002). These results suggest 
that genetic transfer can occur both among Tre- 
ponema strains and between Treponema and 
other bacteria in the oral microbiological 
environment. 

Treponema pallidum is not amenable to 
genetic manipulation because it has not been 
cultured continuously in vitro. Treponema denti- 
cola has become the model for gene disruption 
and other forms of genetic manipulation of the 
genus Treponema. Several genes of T denticola 
have been inactivated by targeted insertional 
mutation with suicide vectors containing an 
erythromycin resistance gene (Li et al., 1996; 
Kataoka et al., 1997; Ruby et al., 1997; Fenno et 
al., 1998; Li et al., 1999). In addition, heterolo- 
gous expression and complementation have 
been achieved using a shuttle vector with a 
coumermycin Al -resistance marker (Chi et al., 
1999; Chi et al., 2002; St. Girons et al., 2000). 
Thus the combination of the availability of the 
T denticola genomic sequence and genetic 
manipulation tools promises to be of value in 
determining the functions of Treponema-^pQcific 
genes. 

Physiology 

The physiology of T pallidum has been dis- 
cussed in other articles (Cox, 1983; Fraser et al., 
1998; Radolf et al., 1999; Subramanian et al., 
2000; Norris et al., 2001) and will not be 
described in detail here. Briefly, the T pallidum 
genome sequence has confirmed previous indi- 
cations that the organism has extremely limited 
metabolic capabilities. Genes corresponding to 
biosynthetic pathways are virtually nonexistent, 
indicating a profound dependence on the human 
host for provision of amino acids, cofactors, fatty 
acids, and nucleic acid precursors. In addition, 
the glycolytic pathway is the only form of ATP 
production identified thus far, in that the tricar- 
boxylic acid cycle and elements of electron 
transport systems are absent. As discussed 
above, T pallidum is microaerophilic and 
requires small quantities of oxygen for optimal 
survival and multiplication in vitro; however, the 
mechanism of oxygen utilization has not been 
determined. Genes for reduced nicotinamide 
adenine dinucleotide (NADH) oxidase {nox), 
alkyl hydroperoxidase (ahpC), and neelaredoxin 
(TP0823) are present in the T pallidum subsp. 
pallidum genome (Fraser et al., 1998); the 
catalysis of superoxide anion-hydrogen peroxide 
conversion has been demonstrated with recom- 
binant T pallidum neelaredoxin (Jovanovi’c et 



al., 2000). These enzymes may provide some 
measure of protective activity against reactive 
oxygen intermediates. Overall, the apparent loss 
of genes encoding activities not required in the 
mammalian tissue environment explains the 
highly fastidious nature of T pallidum and 
indicates an extreme adaptation to obligate 
parasitism. 

All members of the genus Treponema appear 
to require fatty acids in some form. Albumin 
serves as a detoxifying carrier for fatty acids in 
cultures of T denticola and T vincentii (Van 
Horn and Smibert, 1982; Van Horn and Smibert, 
1983). The albumin fraction of serum also 
replaces the serum requirement of T pallidum in 
culture, suggesting that fatty acids associated 
with albumin are required for multiplication in 
this system (Norris and Edmondson, 1986b). 
Fatty acids are incorporated in an unmodified 
form into membrane lipids by T pallidum 
(Schiller and Cox, 1977) and may be assimilated 
into the outer membrane directly from the host 
milieu (Cox and Radolf, 2001). Fermentative 
treponemes isolated from subgingival plaque 
require Ao-butyric acid, 2-methylbutyric acids 
and/or Ao-caproic acid for optimal growth in 
MIO medium, substituted for the rumen fluid 
commonly used in culture media (Livermore and 
Johnson, 1975; Koseki et al., 1996b). Although 
most Treponema species appear to lack LPS, 
recent studies have indicated that the outer 
membrane of T denticola contains an LPS-like 
substance (Dahle et al., 1996; Schultz et al., 1998; 
Walker et al., 1999). 

Epidemiology 

Syphilis is a sexually transmitted disease, 
whereas yaws, endemic syphilis, and pinta are all 
transmitted by direct skin-to-skin contact, usu- 
ally during childhood and adolescence. Syphilis 
is still a common disease in many areas of the 
world, with an estimated 12 million new cases 
occurring per year (World Health Organization, 
2001). In the United States, the annual reported 
incidence of syphilis was at its highest point in 
1946 (963,647 reported cases), just after World 
War II and prior to the widespread availability 
of penicillin. During the 1950s, syphilis cases 
dropped dramatically, leading to hopes of eradi- 
cation of the disease. However, the rates again 
increased in the 1960s and 1970s. Following an 
epidemic that peaked in 1990, the reported inci- 
dence of syphilis has dropped to historic lows 
(Fig. 5); a total of 31,575 cases was reported in 
2000. The reasons for this decrease are unclear, 
in that incidence of other sexually transmitted 
diseases (e.g., chlamydia infections) have 
remained high. The Centers of Disease Control 
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Fig. 5. Annual reported incidence 
per 100,000 population of primary 
and secondary syphilis in the 
United States, 1980-2000. Target 
objectives for 2000 and 2010 are 
shown. From United States Cen- 
ters for Disease Control and 
Prevention. 
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and Prevention and the National Institutes of 
Health have established a program for the elim- 
ination of Syphilis in the United States (http:// 
www.cdc.gov/stopsyphilis/). 

The endemic treponematoses (yaws, endemic 
syphilis, and pinta) are restricted to certain geo- 
graphic regions, and incidence is related to both 
socioeconomic conditions and climate (Table 1). 
Yaws and pinta are found predominantly in 
rural, tropical rain forest areas, whereas endemic 
syphilis may occur also in arid regions and some 
temperate areas (Antal et al., 2002). In 1950, the 
worldwide incidence of yaws alone was esti- 
mated to be 50 million cases. A global endemic 
treponematoses control program was initiated by 
the World Health Organization in 1949, and 
approximately 160 million people were treated 
between 1952 and 1964 (Antal et al., 2002). The 
collective incidences of these diseases was esti- 
mated to be 2.5 million cases in 1998 (World 
Health Organization, 1998). Foci of yaws are still 
found in Africa, Central and South America, 
Southeast Asia, and some Pacific Islands, and 
endemic syphilis is present in the Near East. 
Pinta is restricted to regions in or near the Ama- 
zon basin (Antal et al., 2002). 



Disease 

Thorough descriptions of syphilis and the other 
treponematoses can be found in infectious dis- 
ease textbooks and other sources (United States 
Public Health Service, 1968; Larsen et al., 1999) 
and will not be covered in detail here. Briefiy, 
syphilis is a multistage, invasive infection with 
local, disseminated, and chronic manifestations 
(Fig. 6). Infection occurs when viable organisms 
from an infectious lesion enter through a fissure 
in the epidermis or a mucous membrane. Tre- 
ponema pallidum multiplies locally and causes a 
characteristic painless, ulcerative lesion called a 
“chancre.” At the same time, treponemes dis- 
seminate through the bloodstream or lymphatics 
and can infect almost any organ or tissue. Sec- 
ondary syphilis lesions may occur weeks to 
months after infection and signify the dissemi- 
nated stage of the disease. They consist of multi- 
ple maculopapular lesions that may occur 
preferentially on the palms of the hands and 
soles of the feet or appear throughout the torso 
and extremities. Both primary and secondary 
lesions contain large numbers of T. pallidum and 
represent the infectious stage of the disease. All 



226 SJ. Norris et al. 



CHAPTER 4.2 



untreated patients enter a period of latent infec- 
tion, in which manifestations of the disease are 
not evident; the only indications of infection are 
positive serologic tests. Disease of approximately 
two-thirds of patients is diagnosed during this 
stage, and diagnosis is based solely on patient 
history and reactive serologies. Infection with T. 
pallidum may last the lifetime of the individual 
in untreated cases and can result in debilitating 
or life-threatening disease years to decades after 
the initial infection. Late syphilis manifestations 
occur in roughly one-third of untreated patients, 
according to records from the early 1900s (Gjest- 
land, 1955). These consist of granulomatous 
lesions called “gummas,” cardiovascular manifes- 
tations such as aortic aneurysm, or neurosyphilis, 
including infection of the brain (paresis) or of the 
sensory ganglia and spinal cord (tabes dorsalis). 
Some forms of neurosyphilis, such as menin- 
govascular syphilis, can occur at earlier stages. 
Congenital syphilis results from transplacental 
transmission of T. pallidum from the mother dur- 
ing the infectious stage, usually in the first year 
of maternal infection; it can cause abortion, still- 
birth, fulminant infection and destructive lesions 
at the time of birth or latent infection that results 
in manifestations later in childhood, including 
bone and tooth deformation, interstitial keratitis 
(clouding of the cornea), deafness, and intellec- 
tual deficits. Late syphilis has become virtually 
nonexistent in the United States (owing in part 
to coincidental treatment of other infections), 
but continued surveillance is needed to minimize 
the occurrence of congenital syphilis. 

Yaws, endemic syphilis, and pinta each have 
cutaneous manifestations, but have progressively 
less internal organ involvement (Antal et al., 
2002). The initial lesion of yaws (“mother yaw”) 
usually occurs on the legs, feet or buttocks and 
consists of a raised papule containing large num- 
bers of T. pallidum subsp. pertenue. Secondary 
lesions may occur as long as two years after 
infection and are also highly infectious. Late 



manifestations are typically restricted to the 
skin, subcutaneous tissue, cartilage and bone. 
Hypopigmented areas and gummas may occur in 
the skin, and painful bone and cartilage defor- 
mations result in curvature of the tibia, destruc- 
tion of the nose and palate (gangosa), or nodules 
in the facial bones or near joints. In endemic 
syphilis, the primary lesion is usually not evident 
and may involve the oral mucosa. Secondary 
lesions consist of papules, typically in the mouth 
or warm, moist areas of the skin. Gummas again 
occur in later stages in skin and bone, causing 
deformities similar to those seen in yaws. Pinta 
(“spot”) is a skin disease that results in hyper- 
or hypopigmented lesions, desquamation, or 
erythematous rashes over a period of several 
years; it does not involve internal organs. Neuro- 
logic involvement is nonexistent in the endemic 
treponematoses; congenital transmission may 
occur rarely in yaws, but has not been observed 
in endemic syphilis or pinta. Penicillin remains 
the treatment of choice for T. pallidum 
infections. 

Periodontal disease represents a spectrum of 
polymicrobial infections of the gingival crevice, 
which in its various forms can cause gum infiam- 
mation, expansion of the gingival pocket, bone 
resorption, and tooth loss (Moore and Moore, 
1994). It is estimated that over 80% of adults in 
the United States have experienced some form 
of periodontal disease. Dental plaque is essen- 
tially a complex, stratified biofilm (Fig. 7). If it is 
not removed by brushing and flossing, gum 
inflammation and the progressive changes asso- 
ciated with periodontal disease will result from 
both preferential outgrowth of subsets of anaer- 
obic organisms (including oral spirochetes) 
within the deep layers of the biofilm and pro- 
longed exposure to the bacteria and their prod- 
ucts. At least part of this effect appears to be due 
to the production of inflammatory cytokines by 
host cells in response to bacterial products. The 
lack of effective animal models and the poly- 




Fig. 7. Fluorescent in situ hybridiza- 
tion (FISH) on subgingival biofilm 
(plaque) from a human subject. A sec- 
tion of a fixed and sectioned region of 
the biofilm A) and a smear B) are 
shown. Probes used were the general 
eubacterial 16S rDNA oligonucle- 
otide EUB338FluoX (green) and the 
16S rDNA probe TRE ICy3 (red) for 
the detection of phylogenetic group I 
treponemes, most of which are yet 
uncultured. The results show the high 
proportion of treponemes involved in 
biofilm formation. A) is from Wecke 
et al. (2000), with permission, and B) 
was provided by A. Moter. 
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microbial nature of periodontal disease have 
complicated the assessment of the role of 
oral spirochetes and other bacteria in its 
pathogenesis. 
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The Genus Borrelia 

MELISSA CAIMANO 



Phylogeny 

The inability to cultivate many spirochetes, 
including the borreliae, at one time significantly 
hindered the placement of these organisms into 
a taxonomic scheme based on traditional bio- 
chemical methodologies. As a result, these 
organisms were initially grouped based primarily 
on their common helical or spiral shape (Fig. 1). 
The advent of contemporary ribosomal RNA 
cataloging has facilitated the division of the 
spirochetes into three phylogenetic families, the 
Spirochaetaceae (including the genera Borrelia, 
Brevinema, Cristispira, Spirochaeta, Spironema 
and Treponema), the Brachyspiraceae (including 
the genus Brachyspira [Serpulina]), and the 
Leptospiraceae (including the genera Leptospira 
and Leptonema; Thomas et al., 2001). All species 
in the genus Borrelia are transmitted to verte- 
brates by hematophagous (blood-feeding) 
arthropods. In most cases, the differentiation of 
borreliae species was based on 1) identification 
of the specific vector that transmits the spiro- 
chete, 2) the vertebrate host (humans, animals or 
birds), and 3) the variable infectivity of isolated 
borreliae for different species of laboratory 
animals (Davis, 1956; Felsenfeld, 1971; 
Burgdorfer, 1976a; Table 1). To date, thirty 
species of Borrelia have been recognized 
(Thomas et al., 2001). The principal species of 
Borrelia and their primary vectors are listed in 
Table 1. Additional information on B. burgdor- 
feri sensu lato strains is also available: (http:// 
www.pasteur.fr/recherche/borrelia/Bb_ strains_ 
alphabetic.html.) With the exception of louse- 
borne relapsing fever, all of the borrelioses are 
zoonoses. 

Borreliae, like most spirochetes, were histori- 
cally considered to be Gram negative because of 
their double-membrane structure (Fig. 6), but as 
stated above, genetic analyses have placed them, 
along with the other spirochetes, into a separate 
eubacterial phylum (Paster et al., 1991). Ultra- 
structural {Borrelia Molecular Architecture), 
molecular, and biochemical studies also have 
emphasized the wide taxonomic gap between 



spirochetes and Gram-negative bacteria. Most 
notably, Borrelia burgdorferi, and presumably all 
Borrelia spp., does not contain lipopolysaccha- 
ride (EPS; Takayama et al., 1987). In addition to 
lacking LPS, borrelial outer membranes differ 
from those of Gram-negative bacteria in that 
they 1) exhibit considerably greater fluidity, 2) 
are more susceptible to physical manipulations 
(i.e., centrifugation, washing and resuspension; 
Brusca and Radolf, 1994; Cox et al., 1994; Cox et 
al., 1996), 3) are more easily solubilized in very 
dilute detergents than are the membranes of 
Gram-negative bacteria (Barbour and Hayes, 
1986b; Brusca and Radolf, 1994; Cox et al., 1994; 
Cox et al., 1996), and 4) have a much lower den- 
sity of transmembrane proteins (Walker et al., 
1991; Radolf et al., 1994b; Radolf et al., 1995b). 
(For excellent reviews of Borrelia morphology 
and ultrastructure, see Hovind-Hougen, 1976, 
Barbour, 1989, Hayes and Burgdorfer, 1993, and 
Radolf, 1994a.) 



Habitat 

All known Borrelia species have an inherent 
requirement for a competent (often genospecies- 
specific) arthropod vector and vector-suitable 
mammalian host(s) to be maintained in their nat- 
ural enzootic cycles (Table 1). Three types of 
arthropod vectors have been associated with 
transmission of Borrelia: the human body louse 
(Fig. 2), the argasid or soft tick (Fig. 3), and the 
ixodid or hard tick (Fig. 4). Numerous mamma- 
lian hosts appear to be involved in maintaining 
Borrelia within a population, with the primary 
reservoir usually being a small mammal. The 
coincident geographic distribution of both of 
these elements is thought to be foremost in 
establishing and perpetuating a given Borrelia 
species within a locale. This point is clearly dem- 
onstrated by Lyme borreliosis; the geographic 
distribution of its two arthropod vectors (Fig. 
15), Ixodes scapularis and 7. pacificus, closely 
mirrors that of the disease (Orloski et al., 2000; 
Fig. 16). 
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Darkfield Image of Spirochete 



Image of a body louse 




Fig. 1. Borrelia burgdorferi strain 297, a cerebrospinal isolate 
(Steere et al., 1983) visualized by darkfield microscopy. 
Micrograph image kindly provided by Ken Bourell, Univer- 
sity of Connecticut Health Center, Center for Microbial 
Pathogenesis (cmp.uchc.edu). 



Fig. 2. Human body louse {Pediculus humanus). Image 
kindly provided by Stephen Wikel, Ph.D., University of Con- 
necticut Health Center, Center for Microbial Pathogenesis 
(cmp.uchc.edu). 



Presence in Lice 

Borrelia recurrentis is the etiological agent of 
louse-borne (epidemic) relapsing fever and is the 
only species of borreliae that is louse-transmitted 
(Table l).The human is the only known reservoir 
of this spirochete. The human body louse, Pedic- 
ulus humanus subsp. humanus (Fig. 2), becomes 
infected after feeding on a spirochetemic individ- 
ual and remains infected during its life span of 
approximately 10-61 days. The ingested borre- 
liae enter the louse’s midgut where, within sev- 
eral days, they penetrate the gut epithelium to 
gain entrance to the hemolymph where they 
multiply. Infection of the mammalian host is 
thought to occur when spirochetes, liberated 
when the lice are crushed on the skin by scratch- 
ing, enter abraded skin or mucous membranes. 
Since body lice prefer normal body temperature 
to the higher temperatures of patients with acute 
relapsing fever, they are predisposed to seek an 
afebrile person after feeding on a febrile individ- 
ual. This behavior results in the rapid transmis- 
sion of infection during epidemics. 




0 1 2 3 4 5 

L i t i \ ^ 

Millimeters 



Fig. 3. Soft tick (Ornithodoros spp.). Image kindly provided 
by Julie Rawlings, MPH, Texas Department of Health 
(http://www.tdh.state.tx.us/yellow/r.htm). 



Presence in Soft Ticks 

All of the other pathogenic borreliae are para- 
sites of either soft or hard ticks (Table 1). All 
tick-borne borrelial infections, with the possible 
exception of infections by Borrelia duttonii, 





Table 1. Characteristics of Borrelia species of medical and veterinary significance. 

Species Vector Animal Reservoir Disease Geographic distribution 
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Image of Hard Ticks 



Fig. 4. From left to right: The deer tick {Ixodes scapularis) 
adult female, adult male, nymph, and larva on a centimeter 
scale. Image taken from the Centers for Disease Control 
and Prevention (CDC) Lyme Disease Home Page (http:// 
www.cdc.gov/ncidod/dvbid/lymeinfo.htm). 



involve humans as an accidental host. In East 
Africa, B. duttonii is carried by the domestic soft 
tick, Ornithodoros moubata, and the reservoir 
for this spirochete appears to be the human pop- 
ulation. The relapsing fever spirochetes are the 
primary borreliae transmitted by the soft tick 
(Fig. 3). The numerous species of Borrelia are 
responsible for the tick-borne relapsing fevers 
and are distributed worldwide in both tropical 
and temperate climates (Table 1). Soft ticks of 
the genus Ornithodoros serve as the primary 
vectors of these relapsing fever spirochetes, 
with wild rodents being the major reservoir. 
Occasionally, lizards, toads, turtles and owls can 
also serve as competent reservoirs for these 
spirochetes. 

Soft ticks become infected while obtaining a 
blood meal from a spirochetemic animal. Follow- 
ing ingestion of a blood meal on an infected 
mammal, Borrelia rapidly multiply within the 
tick. Within hours, a generalized infection ensues 
such that spirochetes can be found in a variety of 
tissues, including the salivary glands, the coxal 
glands on the legs, and the ovaries. Consistent 
with the presence of spirochetes in the ovaries, 
the female Ornithodoros spp. tick, unlike the 
body louse, can transmit borreliae transovarially 
to their progeny. Humans and animals become 
infected while the tick is feeding, through infec- 
tious saliva, excrement, and/or coxal fluid enter- 
ing via the bite wound or skin. The presence of 
the Ornithodoros spp. vector on humans often 
goes unnoticed since this vector 1) typically feeds 
at night, 2) usually completes its feeding in 5 to 
20 minutes, and 3) does not cause pain. Soft ticks 
are particularly durable vectors as they are able 
to survive for months to years without a blood 
meal. The spirochetes are similarly able to sur- 



vive in the ticks for extended periods of time. In 
addition, the spirochetes can be maintained 
within the vector during the transition from one 
developmental stage to another (e.g., larva to 
nymph to adult). 

Presence of Borrelia in Hard Ticks 

The Ixodidae (hard) ticks are the primary vec- 
tors of B. burgdorferi, the etiological agent of 
Lyme disease (Table l).The association between 
B. burgdorferi and I. scapularis, the vector in the 
northeastern and north-central United States 
(Fig. 4), has been studied extensively (Burgdor- 
fer et al., 1982; Burgdorfer et al., 1989b; 
Spielman et al., 1984; Benach et al., 1987; Ribeiro 
et al., 1987; Piesman, 1989; Dolan et al., 1998; 
Humair and Gern, 2000). This relationship is 
similar to that occurring between the European 
Lyme disease (Table 5) spirochetes and ticks of 
the Ixodes ricinus complex. The larval and 
nymphal forms of 7. scapularis commonly 
become infected with B. burgdorferi when 
obtaining a blood meal from infected rodents, 
with the white-footed mouse, Peromyscus leuco- 
pus, being the primary reservoir (Table 2). A 
variety of birds, in addition to small mammals, 
may also serve as a reservoir for the Lyme dis- 
ease spirochete (Anderson and Magnarelli, 
1984). One recent study suggests that latent 
Borrelia burgdorferi sensu lato infection in 
migratory birds (i.e., redwing thrush) may be 
reactivated by the stress associated with migra- 
tion. Many of these birds are infested with ixodid 
ticks and, subsequently, may serve as an efficient 
mechanism of spreading ticks carrying this 
pathogen over long distances (Gylfe et al.,2000). 

Recent studies using B. burgdorferi-infQctQd I. 
pacificus nymphs fed on the western fence lizard 
{Sceloporus occidentalis) suggest that lizard 
serum contains a thermolabile, borreliacidal fac- 
tor, probably a protein, that destroys spirochetes 
in the midgut of feeding 7. pacificus ticks. The 
presence of lizards in the enzootic cycle may help 
to reduce the force of transmission of B. burg- 
dorferi by diverting a competent vector tick from 
an alternative reservoir-competent host (i.e., the 
dusky-footed wood rat or the California kanga- 
roo rat; Lane and Quistad, 1998). 

In contrast to the soft tick- (see Presence in 
Soft Ticks) and louse-borne (see Presence in 
Lice) relapsing fever Borrelia spp., B. burgdor- 
feri remains in the midgut of the hard tick (Fig. 
4) until the next blood meal (Ribeiro et al., 1987; 
Burgdorfer, 1989a), at which time it penetrates 
the basal membrane of the midgut, invades the 
hemolymph and various tissues, including the 
salivary glands, and is transmitted to the host via 
infectious saliva (Schwan, 1996). Recent studies 
suggest that the differential expression of lipo- 
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Table 2. Borrelia species associated with Lyme borreliosis, and their ecological and pathogenic characteristics, and their 
geographic distribution. 



Taxon 


Vector 


Animal host 


Human Disease 


Distribution 


B. burgdorferi sensu lato 


I. scapularis 
I. paciflcus 


Mammals, birds 


EM, arthritis, carditis, neuroborreliosis 


United States 




I. ricinus 






Europe 




I. persulatus? 






Asia? 


B. garinii 


I. ricinus 


Birds, small 


EM, arthritis, neuroborreliosis 


Europe 




I. persulatus 


mammals 




Asia 


B. afzelii 


I. ricinus 


Small mammals 


EM, arthritis, neuroborreliosis, ACA 


Europe 




I. persulatus 






Asia 


B. japonica 


I. ovatus 


Small mammals 


No 


Japan 


B. miyamotoi 


I. persulatus 


Small mammals 


Unclear 


Japan 


B. valaisiana 


I. ricinus 


Birds 


Unclear 


Europe 




I. granulatus 






Asia 


B. lusitaniae 


I. ricinus 


Unknown 


No 


Central Europe 


B. andersonii 


I. dentatus 


Rabbit 


No 


United States 


B. bissettii sp. nov. 


I. paciflcus 
I. neotomae 


Rodents, birds 


Unclear 


United States 




I. scapularis 
I. ricinus 




EM, lymphocytoma 


Slovenia 


B. takunii 


I. takunus 


Small mammals 


No 


Japan 


B. turdi° 


I. turdus 


Small mammals 


No 


Japan 



""The clinical syndrome associated with distinct B. burgdorferi sensu lato species are in boldface type. 

*’The name has been corrected from B. turdae (Fukunaga et al., 1996) by International Union of Microbiological Societies 
(1998). 



proteins (see Differential Gene Expression) on 
the surface of the spirochete in response to the 
blood meal facilitates migration from the midgut 
to the salivary glands and subsequent transmis- 
sion to the mammalian host (Schwan et al, 1995; 
de Silva et al, 1996; Ohnishi et al., 2001). Trans- 
ovarial transmission by Ixodes spp. ticks is 
thought to occur infrequently. For a review com- 
paring spirochete transmission by hard and soft 
ticks, see Schwan (1996). 

Isolation 

The study of Borrelia was greatly facilitated by 
the development of a culture medium by Kelly 
that would support the growth of the spirochetes 
(Kelly, 1971). In 1982, Stoenner enriched this for- 
mulation by adding yeast extract and tissue cul- 
ture medium (referred to as “fortified Kellys 
medium”; Stoenner et al., 1982). Subsequent 
modifications by Barbour (1984a) resulted in 
Barbour-Stoenner-Kelly (BSK I) medium, which 
has allowed the isolation of borreliae from a vari- 
ety of sources (Barbour, 1986a). For historical 
reviews of the cultivation of Borrelia spp., see 
Barbour and Hayes (1986b), Barbour (1984a), 
and Anderson and Magnarelli (1992). The suc- 
cessful cultivation of Borrelia spp. is usually 
dependent on the quality of the animal serum or 
albumin used in the preparation of the medium 
(Callister et al., 1990). These reagents are 



thought to provide necessary long-chain fatty 
acids, but other, as yet unidentified, trace 
components may also be important. A commer- 
cial source for this medium has now become 
available (http://www.sigma-aldrich.com, Sigma- 
Aldrich, BSK [catalog # B 8291]). Semisolid 
medium is prepared by the addition of 100 ml 
of sterile 1.89% agarose (dissolved in boiling 
water) to the BSK I recipe given above to yield 
BSK II. The agarose solution (cooled to 55°C) is 
added just prior to dispensing medium. Several 
methods have been described for plating Borre- 
lia as a surface lawn (Kurtti et al., 1987) or by 
subsurface plating (Samuels et al., 1994a). 

Isolation of Borrelia from Ticks 

The hemolymph and most tissues of Orni- 
thodoros spp. ticks can be used as a source of the 
relapsing fever borreliae and B. coriaceae. In 
contrast, B. burgdorferi is usually restricted to 
the midgut in flat (unfed) Ixodes ticks. Borrelia 
burgdorferi has been successfully cultured from 
the midguts of live, infected Ixodes nymphs and 
adults by crushing the entire contents of the mid- 
gut in a sterile Petri dish or on a glass slide, 
mixing the contents with a small amount (0.5 ml) 
of BSK II (Table 3) medium, transferring the 
contents to a sterile screwcap microcentrifuge 
tube containing an additional 1 ml of BSK II 
medium and then incubating at 30-35°C for 
7-21 days. Cultures should be checked every sev- 
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Table 3. Liquid BSK II medium for growth of Borrelia spp. 
(Barbour, 1984a). 

1. To 900 mis of glass-distilled water, add the following; 



HEPES (Sigma) 6.0 g 

Neopeptone (Difco) 5.0 g 

Sodium citrate 0.7 g 

Glucose 5.0 g 

Sodium bicarbonate 2.2 g 

TC Yeasolate (Difco) 2.5 g 

Sodium pyruvate 0.8 g 

N-acetyl glucosamine (Sigma) 0.4 g 

Bovine serum albumin, fraction V 50.0 g 



2. Adjust pH of medium at room temperature to 7.6 with IN 
NaOH. 

3. Sterilize by filtration (0.2 pm). 

4. Add 100 mis of sterile lOx CMRL 1066 without glutamine 
(Gibco/BRL). 

5. Add 200 mis of sterile 7% gelatin (Difco), which has been 
dissolved in boiling water. 

6. Add 64 mis of sterile, heat-inactivated rabbit serum 
(Pel-Freeze Biologicals, Inc). 

7. Dispense to glass or polystyrene tubes or bottles. 

8. Fill to 90% capacity and cap tightly. 

9. Store complete medium at 4°C. 



eral days for spirochetes by microscopy. Owing 
to their slender shape, they are best visualized by 
darkfield microscopy (Fig. 1). Borrelia also can 
be isolated from Ornithodoros spp. and Ixodes 
spp. tick tissues using BSK II (Table 3) medium. 

Isolation of Borrelia from 
Patient Specimens 

The Borrelia strains causing relapsing fever 
(Table 1) are typically present in high numbers 
circulating in the blood of patients during acute 
(febrile) phases of this disease. The tick-borne 
relapsing fever spirochete, B. hermsii, is readily 
cultivated from patient samples, primarily blood. 
Several reports also have described the cultiva- 
tion of the louse-borne relapsing fever spiro- 
chete, B. recurrentis (Cutler et al., 1997; Cutler et 
al., 1999), and the tick-borne relapsing fever spi- 
rochete, B. duttonii (Cutler et al., 1999), from the 
blood of spirochetemic patients. Both of these 
types of relapsing fever spirochetes may be iso- 
lated from blood by inoculating one to two drops 
per 10 ml of liquid or semisolid BSK II (Table 3) 
media. Cutler et al. (1999) suggest that the criti- 
cal factor in determining the success of cultiva- 
tion of B. duttonii is the quality of the albumin 
used in preparation of the BSK II (Table 3) 
medium; over two-thirds of the batches of this 
critical medium ingredient tested were rejected 
because they failed to support growth of the 
relapsing fever spirochete. Larger tissue and 
organ samples (bladder, heart, spleen and joint) 
can be cultured by homogenization in liquid 



BSK II (Table 3) medium (10% wt/vol) with a 
Stomacher Lab Blender (Tekmar, Cincinnati, 
OH). Larger debris is allowed to settle and serial 
dilutions (10-fold) of the supernatant are made 
in the semisolid BSK II (Table 3) medium. Cul- 
tures are incubated at 30-35°C and examined by 
darkfield microscopy for spirochetes at weekly 
intervals. 

In contrast to in relapsing fever patients, rela- 
tively low densities of spirochetes are present in 
the blood and tissues of Lyme disease patients. 
Nevertheless, numerous laboratories have 
reported the successful isolation of B. burgdor- 
feri from skin, blood and other tissues obtained 
from Lyme disease patients. Spirochetes are 
most readily cultured from biopsy specimens of 
the skin lesion of erythema migrans (EM; Fig. 
20) and acrodermatitis chronicum atrophicans 
(ACA; Berger et al., 1985; Berger et al., 1992; 
Schwartz et al., 1992; van Dam et al., 1993; 
Nadelman et al., 1996; Picken et al., 1998). Bor- 
relia burgdorferi, however, has been isolated and 
subcultured from the blood and plasma of Lyme 
disease patients (Benach et al., 1983; Nadelman 
et al., 1989; Berger et al., 1994; Wormser et al., 
1998; Wormser et al., 2000). Significantly 
improved rates of spirochete cultivation were 
obtained when plasma (instead of serum or 
blood) and/or large sample sizes (up to 9 ml of 
whole blood or 3 ml of serum) were used to 
inoculate BSK II (Table 3) medium (Wormser et 
al., 1998; Wormser et al., 2000). Although spiro- 
chetes have been isolated and cultured from the 
cerebrospinal fluid (CSF) of patients exhibiting 
neurological symptoms (Steere et al., 1983; 
Nocton and Steere, 1995), attempts to recover 
spirochetes from this tissue are usually not pro- 
ductive. Although this fastidious organism is 
clearly difficult to cultivate in vitro, the lack of 
successful cultivation of spirochetes from CSF 
may be more a reflection of the limited invasion 
of the central nervous system by B. burgdorferi 
(Steere et al., 1983; Barthold et al., 1991; Estanis- 
lao and Pachner, 1999; Cadavid et al., 2000). 

Isolation of Borrelia from Animal Tissues 

The most common method of cultivating Borre- 
lia spp. from field-caught or experimentally 
infected animals is by inoculation of BSK II 
(Table 3) medium with several drops of blood 
(relapsing fever) or by ear punch biopsy (Lyme 
borreliosis; Sinsky and Piesman, 1989). For ear 
punch biopsy, a small sample of skin tissue (3 
mm) may be taken from an infected animal’s ear 
using a punch tool (available from most biologi- 
cal and veterinary suppliers) or by using fine 
point scissors to excise a 3-mm long “pie cut” 
from the animal’s ear. The entire ear biopsy is 
placed in a small volume (1-2 ml) of liquid BSK 
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II (Table 3) medium. In this case, use of antibi- 
otic additives (rifampicin [5 mg/ml], phosphomy- 
cin [2 mg/ml], and amphotericin B [250 mg/ml]), 
commercially available as a cocktail from 
Sigma-Aldrich Chemical Corp. (http:// 
www.sigma-aldrich.com) (catalog # A 1956), is 
recommended to reduce the risk of contamina- 
tion with animal and/or environmental flora. 
Although borreliae usually can be detected in 
culture medium within one to three weeks of 
incubation, some isolates may not be visible for 
several months. Spirochetes also may be cultured 
from other animal tissues, including heart, blad- 
der and joint (Anderson et al., 1986; Schwan et 
al., 1988a; Sinsky and Piesman, 1989; Anderson 
and Magnarelli, 1992; Pachner et al., 1993). 

Uncultivatable Borrelia spp. 

Despite the successful use of artiflcial media in 
cultivating spirochetes from both ticks and mam- 
malian tissues, several examples of uncultivat- 
able Borrelia spp. have been reported. Anda et 
al. (1996) described the isolation of a new relaps- 
ing fever Borrelia following isolation of this 
agent from the blood of three febrile patients. 
Although refractory to in vitro cultivation 
attempts using numerous BSK II (Table 3) for- 
mulations and growth conditions, this organism 
can be passaged in mice. In addition to being 
visible in the blood of infected mice, spirochetes 
were also detected in liver and spleen by Dieterle 
stain 15 days post-inoculation (Anda et al., 
1996). A second notable example of an uncul- 
tivatable Borrelia spp. is the Amhlyomma 
americanum spirochete, Borrelia lonestari {B. 
barbouri). This spirochete is thought to be 
responsible for a tick-associated Lyme disease- 
like illness in the southern United States 
(Barbour et al., 1996a). Although immunological 
and molecular reagents have been developed to 
detect and partially characterize this spirochete 
using fleld-collected tick specimens (Barbour et 
al., 1996b; Rich et al., 2001), it has yet to be 
successfully cultivated in vitro using media that 
support the growth of B. burgdorferi (i.e., BSK; 
Table 3). The inability to cultivate this spirochete 
(Barbour et al., 1996a) from patient samples and 
distinguish it from the closely related B. burgdor- 
feri may result in the true incidence of B. 
lonestari borreliosis being signiflcantly under- 
estimated. This is a particular concern in areas 
where the vectors of both spirochetes coexist and 
coassociate with the human population. In 
such areas, B. /o/re^tan-associated borreliosis 
could result in physician-diagnosed or -suspected 
Lyme disease that could be both culture-negative 
and seronegative. In addition, coinfection 
with both species of spirochetes may also go 
undetected. 



Use of PCR for Detection of 
Borrelia in Tissues 

In addition to the complex media requirements 
and the fastidious nature of Borrelia, several 
additional factors, including the low density of 
spirochetes in blood and other tissues during 
infection, the large volume of sample required, 
and the expertise needed to biopsy skin and 
other tissues (i.e., cerebrospinal fluid [CSF] and 
synovial fluid [SF]) from Lyme disease patients, 
have made clinical diagnosis based on spirochete 
isolation unreliable. The development of assays 
based on the sensitive polymerase chain reaction 
(PCR), however, has made the detection of Bor- 
relia within relatively small samples of blood and 
other tissues feasible. PCR-based assays have 
been used to detect spirochetes in EM skin 
lesions (Fig. 20) and lesion exudate (Melchers et 
al., 1991; Schwartz et al., 1992), ACA lesions 
(Moter et al., 1994), plasma (Goodman et al., 
1995; von Stedingk et al., 1995), blood (Guy and 
Stanek, 1991), urine (Lebech and Hansen, 1992; 
Huppertz et al., 1993; Liebling et al., 1993; Priem 
et al., 1997), CSF (Keller et al., 1992; Lebech and 
Hansen, 1992; Huppertz et al., 1993; Liebling et 
al., 1993; Nocton et al., 1994; Nocton et al., 1996; 
Priem et al., 1997), and SF (Liebling et al., 1993; 
Bradley et al., 1994; Nocton et al., 1994; Jaulhac 
et al., 1996; Priem et al., 1997). Although these 
studies demonstrate that PCR-based methodol- 
ogies can successfully detect Borrelia spp. from 
a variety of tissues, the clinical utility of these 
detection methods, however, has not been fully 
established. For a comprehensive review of 
PCR-based detection of Borrelia, see Schmidt 
(1997). 

Culture Bias 

The application of culture-independent tech- 
niques (i.e., direct PCR-amplification) has 
revealed that sequences retrieved from bacteria 
cultured from tick and patient samples often do 
not fully reflect the degree of sequence diversity 
present in the uncultured sample. This phenom- 
enon, called “culture bias,” is thought to result 
from the preferential growth of one genetically 
distinct subpopulation present within a sample 
such that it outgrows other members within the 
population. One of the flrst examples of borrelial 
culture bias was discovered during a comparative 
analysis of cultured and uncultured (i.e., PCR- 
amplified directly) tick samples collected from 
an area of the country (Colorado) where Lyme 
disease is not endemic (Fig. 16). In these studies, 
Norris et al. (1997) demonstrated that the 
genetic diversity of alleles at three different 
loci (flaB [see “Flagella”], p66 [Borrelia Mole- 
cular Architecture], and ospA [see “Reciprocal 
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Expression of OspA and OspC”]) was consis- 
tently lower in cultured spirochetes, suggesting 
that culturing of B. burgdorferi in BSK-H 
medium may select for specific genotypes. In 
addition, some alleles were restricted to either 
cultured organisms or ticks alone (Norris et al, 
1997). The potential clinical relevance of culture 
bias became evident when a similar study was 
performed using samples from Lyme disease 
patients (Liveris et al., 1999). In this study, DNA 
from in vitro-cultivated B. burgdorferi or from 
blood and tissue biopsy samples obtained from 
Lyme disease patients was characterized by 
restriction length polymorphism (RFLP) typing 
of the 16S-23S ribosomal DNA intergenic spacer 
region. The RFLP diversity seen by direct tissue 
analysis was significantly greater than that 
present in the cultured samples. These results are 
consistent with the conclusions drawn from the 
Colorado tick study cited above. The combined 
results of these studies suggest that the diversity 
of genotypes present within either tick or human 
populations may be significantly underestimated 
if based on in vitro cultivation or direct PCR- 
amplification alone. 



Preservation 

Borreliae are best preserved by the addition of 
glycerol (final concentration, 10-15%) to blood 
or plasma from infected animals (relapsing fever 
borreliae), or to culture medium, and stored at 
-70°C or in liquid nitrogen. Spirochetes may be 
recovered from glycerol stocks by the addition 
of a small amount (0.5 ml) of BSK II (Table 3) 
medium to the top layer of the frozen culture, 
pipetted several times, removed, and transferred 
to a sterile test tube containing an additional 
1-3 ml of BSK II (Table 3) medium. The “resur- 
rected” spirochetes should be visible by darkfield 
microscopy within 1-2 weeks. 



Physiology 

The publication of the Borrelia burgdorferi 
genome (The B. burgdorferi Genome 
Sequence) has vastly increased our under- 
standing of the physiology of this Borrelia 
species. For a complete outline of the results of 
this project, visit The Institute for Genome 
Research (TIGR)). A survey of the B. burgdor- 
feri genome revealed a paucity of genes associ- 
ated with the biosynthesis of amino acids, fatty 
acids, enzyme cofactors, and nucleotides (Fraser 
et al., 1997). The absence of genes involved in 
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fatty acid synthesis is in agreement with the bio- 
chemical evidence that 1) borreliae are unable 
to elongate or beta-oxidize fatty acids (Liver- 
more and Johnson, 1978; Belisle et al., 1994) 
and 2) the fatty acid composition of borrelial 
cells reflects that of the growth medium 
(Livermore and Johnson, 1978; Belisle et al., 
1994). These findings are thought to explain, at 
least in part, the fastidious nature of this 
organism and the requirement for serum- 
supplemented mammalian tissue culture 
medium (i.e., CMRL; see Table 3). Genes 
encoding all of the enzymes of the glycolytic 
pathway were identified (Fraser et al., 1997). 
Work by Gebbia et al. (1997) identified the gly- 
colytic enzyme operons in B. burgdorferi and B. 
hermsii, and as expected, these loci exhibit very 
high sequence identity and similar orientations 
on the linear chromosomes of both organisms. 
Analysis of the metabolic pathways identified 
suggests that glucose serves as the major energy 
source (Fraser et al., 1997). Consistent with the 
microaerophilic nature of borreliae, genes 
involved in the conversion of pyruvate (pro- 
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duced by glycolysis) to lactate were identified 
(Fraser et al, 1997). This finding also is sup- 
ported by biochemical studies that identified 
lactic acid as the predominant metabolic end 
product of glucose utilization (Kelly, 1976). 
None of the genes encoding proteins of the tri- 
carboxylic acid cycle or oxidative phosphoryla- 
tion were identified. These findings, along with 
the lack of the necessary components of a respi- 
ratory transport chain, may explain the slow 
growth rate (12-30-hour doubling time) of this 
organism. Analysis of the genome also revealed 
genes involved in the utilization of glycerol, glu- 
cosamine, fructose and maltose, suggesting that 
the bacterium may also use these substrates as 
alternative carbon sources (Fraser et al., 1997). 
Although primarily serving as a component of 
the cell wall, genes (A-acetylglucosamine-6- 
phosphate deacetylase [BB0151] and glu- 
cosamine-6-phosphate isomerase [BB0152]) 
were identified which would allow A-acetylglu- 
cosamine (NAG) to be used as an alternative 
carbon source. The NAG is a necessary additive 
to BSK II (Table 3) medium and is required for 
growth of B. burgdorferi (Kelly, 1971; Barbour 
and Hayes, 1986b). Additionally, a model has 
been proposed for the potential utilization of 
the tick cuticle component chitin (composed 
primarily of NAG) as an alternative carbon 
source for Borrelia, which may be contained 
within the midgut of the tick for extended peri- 
ods of time (months to a year) between feeding 
and subsequent transmission to a new mamma- 
lian host (Fraser et al., 1997). Support for this 
hypothesis is provided by the identification of a 
phosphotransferase system (PTS) cellobiose 
transporter operon (BBB04, BBB05, and 
BBB06) that could possibly transport chitobiose 
(di-A-acetyl-D-glucosamine), a molecule with 
structural similarity to NAG, and a gene pro- 
duct with sequence similarity to chitobiase 
BBB02, which may convert chitobiose to NAG 
(Fraser et al., 1997). 

The genes encoding essential transcription 
(sigma factors a70, o54, and rpoS, translation 
nusA, nusB, nusG, rho, and 31 tRNAs), and 
DNA replication and repair machinery (DNA 
pol III, ligase, gyrase, uvrA-D, and recA) were 
identified, along with the chromosomal origin of 
replication (on; Fraser et al., 1997; Picardeau et 
al., 1999a). In addition, two independent studies 
have examined the effect of DNA replication 
and transcription on triplet codon usage for B. 
burgdorferi (Mclnerney, 1999; Lafay et al., 1999). 
These studies suggest that evolutionary 
pressures have resulted in an enrichment for 
highly expressed genes on the leading strand 
during the asymmetrical replication of this 
organism’s linear chromosome. 



Growth of Borrelia burgdorferi: 

No Iron Requirement 

A common theme in microbial pathogenesis is a 
requirement for iron during growth within a 
mammalian host. For reviews, see Payne (1993), 
Litwin and Calderwood (1993), Vasil and 
Ochsner (1999), and Ratledge (2000). The level 
of free iron present within human serum and/or 
tissues is well below that required for growth of 
many microorganisms. This level is further lim- 
ited by the production and secretion of the iron- 
binding protein lactoferrin by the human host 
during infection. To overcome this host limita- 
tion, many bacteria have evolved specialized sys- 
tems for the acquisition and assimilation of iron 
in vivo. A recent survey of the Borrelia genome 
suggests that this bacterium has overcome iron 
limitation within the human host by dispensing 
with those proteins that utilize iron as a cofactor 
(i.e., catalase, peroxidase, cytochromes, respira- 
tory proteins, and metalloenzymes; Fraser et al., 
1997; Posey and Gherardini, 2000). In support of 
this hypothesis, Posey and Gherardini (2000) 
demonstrated that 1) Borrelia were able to grow 
normally in iron-limited medium and 2) the level 
of iron (either free or bound to proteins) 
detected in B. burgdorferi cell lysates was well 
below a physiologically relevant concentration. 
The genes encoding a number of metal-requiring 
proteins, however, were identified within the 
Borrelia genome, including superoxide dismu- 
tase, RNA polymerase and DNA polymerase 
(Fraser et al., 1997). Although the metal require- 
ments of these putative borrelial metalloen- 
zymes have not been determined, it has been 
suggested that these proteins may have evolved 
to utilize alternative metal ions (i.e., manganese 
and zinc; Posey and Gherardini, 2000). 

Borrelia Molecular Architecture 

Borrelia share the same basic ultrastructural 
features as other members of the Family Spiro- 
chaetaceae. These features include an outer 
membrane that encloses a protoplasmic cylinder 
encased within a cytoplasmic membrane (Fig. 
6). Although similar to Gram-negative bacteria 
in possessing both cytoplasmic and outer mem- 
branes, several fundamental differences in the 
outer membranes of these two types of bacteria 
have been revealed using combined molecular, 
ultrastructural and immunological methods. The 
outer membranes of Gram-negative bacteria 
characteristically contain a high density of pro- 
teins with extensive (3-pleated sheet structure 
(i.e., porins) and no or only rare surface- 
exposed lipoproteins (Lugtenberg and van 
Alphen, 1983; Pugsley, 1993). In addition to a 
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Borrelia Molecular Architecture (MolArch) 

Fig. 6. Borrelia burgdorferi molecular architecture. The 
outer membrane (OM) of B. burgdorferi contains a limited 
number of integral membrane proteins (outer surface pro- 
teins or Osps).The majority of proteins within borrelial outer 
(OM) and inner cytoplasmic (CM) membranes are lipopro- 
teins, anchored via associated lipid moieties. Lipoproteins 
(LP) anchored to the periplasmic leaflet of the CM are in 
close association to the peptidoglycan layer. Endoflagella 
(EF; see “Flagella”) are located in the periplasmic space. 




significantly lower protein-to-lipid ratio, B. burg- 
dorferi outer membranes, in contrast to Gram- 
negative membranes, contain predominantly 
lipoproteins (many of which are lipid-anchored 
to the periplasmic face of the cytoplasmic mem- 
brane) and relatively small amounts of proteins 
with transmembrane (membrane-spanning) 
domains (Walker et al, 1991; Radolf et al, 
1994b; Radolf et al, 1995b; Jones et al, 1995). 
In concert with the spirochete’s ability to alter 
its outer membrane composition (see “Anti- 
genic Variation”) during the course of infection, 
these two characteristics of the borrelial mem- 
brane may help to explain the Lyme disease spi- 
rochete’s ability to avoid host clearance 
mechanisms and establish persistent infection. 
In addition, Borrelia spp. have the potential to 
differentially express (see “Differential Gene 
Expression”) (i.e., downregulate) many of their 
surface-exposed lipoproteins, thereby further 
limiting the ability of the host immune system to 
recognize these immunogens. 

One of the most striking characteristics of spi- 
rochetal outer membranes, particularly those of 
B. burgdorferi and Treponema pallidum (see The 
Genus Treponema in this Volume), is their labil- 
ity. As a result, the outer membranes of these 
organisms are often disrupted during routine 
experimental manipulations (i.e., centrifuga- 
tion), initially leading some investigators to 
conclude (using immunofluorescence) that a 
number of borrelial lipoproteins (i.e., outer sur- 
face protein OspA [see “Reciprocal Expression 
of OspA and OspC”] and OspB) were exclu- 
sively surface-exposed (Barbour et al., 1983; 
Barbour et al., 1984b; Luft et al., 1989). Later 
studies, using techniques that do not disrupt the 
spirochetal outer membrane prior to analysis 



(immunocryoultramicrotomy, Brusca et al., 1991, 
and immunofluorescence using spirochetes 
encapsulated within agarose beads, Cox et al., 
1996) demonstrated that most of the cell’s com- 
plement of OspA and OspB is located in the 
periplasmic space. A similar localization pattern 
has now been established for a third lipoprotein, 
OspC (Cox et al., 1996; see “Reciprocal Expres- 
sion of OspA and OspC”). The presence of some 
lipoproteins simultaneously in both the inner 
and outer membranes suggests that the content 
of borrelial membranes is dynamic (Brusca et al., 
1991; Cox et al., 1996). This hypothesis is further 
supported by a recent study in which exoge- 
nously provided recombinant lipoproteins were 
shown to be incorporated into the outer mem- 
branes of viable spirochetes (Bunikis et al., 
2001). It is tempting to speculate whether Borre- 
lia spp. use the inner membrane as a “holding 
depot” for lipoproteins that may eventually be 
transferred to the outer membrane and bacterial 
surface as the organism encounters different 
environmental/growth conditions. 

A second class of proteins within the outer 
membranes of Borrelia is the membrane-span- 
ning proteins. To date, only a handful of such 
proteins have been identified. Of these, P66 has 
attracted the most attention. This 66-kDa protein 
was identified as a component of borrelial mem- 
brane-enriched cell fraction (Barbour et al., 
1984b; Bunikis et al., 1995) and also, by an inde- 
pendent group, using a protease screening assay 
(Probert et al., 1995). Computer analyses predict 
that, in addition to having an N-terminal signal 
peptidase I cleavable leader peptide, P66 con- 
tains a C-terminal intramembranous domain 
(amino acid residues 498-597) composed of two 
transmembrane-spanning hydrophobic a-helices 
(Bunikis et al., 1998). This prediction is sup- 
ported by experimental studies, immunoelectron 
microscopy (Bunikis et al., 1995) and protease 
(trypsin and proteinase K) sensitivity (Probert et 
al., 1995), which identified a small (~5 kDa) flex- 
ible loop fragment near the C-terminus. This 
5-kDa loop domain appears to be the only por- 
tion of P66 that is exposed on the spirochetal 
surface (Bunikis et al., 1996; Bunikis and Bar- 
bour, 1999). Recent evidence suggests that P66 
is physically associated with OspA and that 
OspA may shield P66 from proteolytic attack 
(Bunikis and Barbour, 1999). Consistent with its 
having surface-exposed epitopes, mice immu- 
nized with recombinant P66 were partially pro- 
tected against B. burgdorferi-chailQngQ (Exner et 
al., 2000). Antibodies against P66 also were 
readily detectable in immune sera from human 
Lyme disease patients (Sadziene et al., 1993; 
Bunikis et al., 1996; Ntchobo et al., 2001), con- 
firming that this protein is expressed during 
infection. 
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Two different functions have been proposed 
for P66. Coburn et al. (1999) reported that 
recombinant P66 binds to Ps chain integrins, 
whereas Share and coworkers (Share et al, 1997) 
reported that the recombinant protein has porin- 
like activity in planar lipid bilayers. While neither 
of these functions is mutually exclusive, they are 
problematic, however, when viewed against the 
topological analyses indicating that P66 has only 
limited surface exposure. The P66 integrin- 
binding domain was mapped to a region that 
does not appear to be surface-exposed (Coburn 
et al., 1999). Porins typically contain multiple 
membrane-spanning domains (Nikaido, 1996). 
Further work will be needed to resolve these 
ostensible discrepancies. 

Two other membrane-spanning proteins iden- 
tified in B. burgdorferi are Borrelia glycosami- 
noglycan (GAG)-binding protein (Bgp) and an 
outer membrane-spanning protein, Oms28, with 
an observed mass of 28 kDa. The Bgp protein 
was identified from membrane-enriched extracts 
of B. burgdorferi on the basis of its glycosami- 
noglycan-binding and hemagglutination activi- 
ties (Parveen and Leong, 2000). Indirect 
immunofiuorescence and Western blotting of 
purified outer membrane vesicles (both with 
anti-Bgp antiserum) were used to localize this 
protein to the spirochetal surface. Purified 
recombinant Bgp also was shown to inhibit 
attachment of B. burgdorferi to the surface of 
several different mammalian cell lines (293, Vero 
and C6), a result consistent with this protein 
being present on the surface of spirochetes 
(Parveen and Leong, 2000). The G AG-binding 
specificity of Bgp, however, has not been deter- 
mined. The Oms28 protein was identified in Bor- 
relia burgdorferi outer membrane preparations 
based on its porin activity; this activity was dem- 
onstrated in a planar lipid bilayer assay using 
Escherichia coli overexpressing recombinant 
Oms28 (Skare et al., 1996). 

Peptidoglycan 

The peptidoglycan of Borrelia spp. is responsible 
for imparting structural stability to the 
protoplasmic cylinder of the spirochete and is 
the primary component of the bacterial cell 
wall (Beck et al., 1990; Fig. 6). Additional data 
demonstrating a structural role of the borrelial 
peptidoglycan were reported by Charon and 
CO workers (Motaleb et al., 2000); spirochetes 
with their outer membranes removed were 
readily lysed by the addition of the peptidogly- 
can-degrading enzyme streptozyme (Motaleb et 
al., 2000). Muramic acid (Ginger, 1963) and orni- 
thine (Klaviter and Johnson, 1979) have been 
identified as components of the peptidoglycan in 
relapsing fever Borrelia. Although biochemical 



analyses of the peptidoglycan of other Borrelia 
have not been performed to date, it is likely that 
both of these components are present in all bor- 
relial cell walls. 

Flagella 

Spirochetes are unique in that their organelles of 
motility are located beneath their surface (Fig. 
6). For detailed reviews of spirochetal and bor- 
relial fiagella ultrastructure, see Holt (1978) and 
Barbour and Hayes (1986b), respectively. For a 
comprehensive contemporary review of spiro- 
chete flagella and motility, see Li et al. (2000a). 
Encased between the outer and cytoplasmic 
(inner) membranes are the periplasmic flagella, 
also referred to as “endoflagella” (Fig. 6); in this 
respect, spirochetes are distinct from other bac- 
teria in having their organelles for motility reside 
inside the cell within the periplasmic space. The 
number of periplasmic flagella in borreliae varies 
depending on the species, as well as within the 
same strain; the relapsing fever spirochetes gen- 
erally have between 15 and 30 flagella per cell 
end, whereas Lyme spirochetes have from 7 to 
11 per end (Hovind-Hougen, 1976; Barbour and 
Hayes, 1986b). The periplasmic flagella are 
composed of two classes of proteins, FlaB, core 
protein, flagellin, and FlaA (a possible sheath 
protein, with FlaB being the major constituent). 
Although the periplasmic flagella of other spiro- 
chete species (i.e., Brachyspira) have been 
shown to be composed of at least three core pro- 
teins (FlaBl, FlaB2 and FlaB3) and two sheath 
proteins (FlaAl and FlaA2; Li et al., 2000b), the 
periplasmic flagella of Borrelia burgdorferi have 
been shown to be composed of only one each of 
these two types of proteins (Ge and Charon, 
1997a; Fraser et al., 1997; Ge et al., 1998). In 
addition, the relatively low abundance of FlaA 
in B. burgdorferi suggests that it is unlikely to 
form a sheath along the entire flagellar length (Li 
et al., 2000a). A comparison of the periplasmic 
flagella proteins shows a high degree of con- 
servation (immunological crossreactivity and 
sequence similarity) within the spirochete phy- 
lum (Limberger and Charon, 1986; Cockayne et 
al., 1987; Norris et al., 1988; Koopman et al., 
1992; Trueba et al., 1992; Limberger et al., 1993; 
Ruby et al., 1997; Ge et al., 1998). 

The flagella of Borrelia spp. have been shown 
to be 1) inserted sub terminally and bipolar ly, 2) 
wrapped around the protoplasmic cylinder, and 
3) overlapping in the middle of the protoplasmic 
cylinder (Holt, 1978). Electron microscopy stud- 
ies revealed that the periplasmic flagella form a 
bundle and are not dispersed around the cell in 
the periplasmic space (Hovind-Hougen, 1984). 
Purified periplasmic flagella have been shown to 
be left-handed with a defined helix pitch and 
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diameter. These dimensions, however, are dra- 
matically altered when measured in situ (i.e., in 
association with the protoplasmic cylinder; 
Goldstein et al, 1996). T^e helical shape of the 
flagella, wrapped in a bundle around the pepti- 
doglycan-encased protoplasmic cylinder, imparts 
to the spirochete a flat-wave morphology 
(Motaleb et al., 2000; Fig. 7). Charon and co- 
workers (Motaleb et al., 2000) hypothesize that 
the outer membrane juxtaposes the peptidogly- 
can and periplasmic flagella so that these struc- 
tures can optimally interact with one another to 
promote cell motility. The dynamics of Borrelia 
spp. motility also have been examined 
(Goldstein et al., 1994). These studies have dem- 
onstrated that, in contrast to their helical shape, 
translating (i.e., moving) spirochetes swim with 
a planar waveform similar to that of eukaryotic 
flagella and propagate backward moving spiral 
waves. The waves on individual spirochetes were 
observed to gyrate in a counterclockwise direc- 
tion (Goldstein et al., 1994; Fig. 7). In addition, 
periplasmic flagella, inserted at opposite ends of 
the protoplasmic cylinder, were shown to rotate 
in opposite directions around one another, caus- 
ing the cell to bend or exhibit characteristic “flex- 
ing” morphology (Goldstein et al., 1994). This 
rotation, however, was not required for the spi- 
rochetes to maintain their helical morphology 
(Motaleb et al., 2000). The contribution of the 
periplasmic flagella to both motility and cell 
morphology has been confirmed using both a 
spontaneous Borrelia mutant (Sadziene et al., 
1991) and eiflaB mutant strain created by allelic 
exchange (Motaleb et al., 2000). In both studies, 
the spirochetes not only were nonmotile, but also 
exhibited a long, straight, rod-shaped morphol- 
ogy. The periplasmic flagella also help the cells 
maintain their motility in environments of rela- 
tively high viscosity (Berg and Turner, 1979; 
Kimsey and Spielman, 1990; Goldstein et al.. 



1994). Although borreliae are extracellular par- 
asites, this vigorous form of motility has also 
been implicated in the spirochete’s ability to 
invade and infect various tissues (including con- 
nective tissue and extracellular matrix) and to 
traverse endothelial cell junctions (Comstock 
and Thomas, 1989; Comstock and Thomas, 1991; 
Szczepanski et al., 1990; Sadziene et al., 1991; 
Klempner et al., 1993). 

The 35 genes encoding the proteins required 
for the synthesis of the complete flagellar 
organelle are grouped into seven clusters (Fig. 8) 
on the B. burgdorferi chromosome (Li et al., 
2000a). Promoter analyses of the B. burgdorferi 
flaA mvdflaB genes revealed a striking difference 
between the regulation of flagellin gene (flaB) 
expression in this spirochete and in other bacte- 
ria; transcription of the flaB gene in B. burgdor- 
feri appears to be initiated by the housekeeping 
transcription factor, a 70. This is in contrast to 
the flagellin genes, flaB and fliC, in other spiro- 
chetes and bacteria, respectively, which are 
known to be or thought to be controlled by the 
alternative a factor, a 28 (Li et al., 2000b). Tliese 
data also are consistent with the absence of 1) a 
28 promoter recognition sequences, 2) a a 28- 
encoding gene, and 3) a gene encoding the anti- 
(j factor, FlgM, within the B. burgdorferi genome 
sequence (Fraser et al., 1997; Li et al., 2000a). 
Interestingly, transcription of the flaB gene from 
T. pallidum (the only other sequenced spiro- 
chetal genome) does appear to be initiated by a 
28, and a gene encoding this a factor was identi- 
fied within this treponemal genome. 



Lipoproteins 

The study of borrelial lipoproteins has long been 
a focus of research involving this bacterium. For 
a recent review, see Haake (2000). Borrelial lipo- 
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Fig. 7. Proposed model of Borrelia burgdorferi motility translating toward the right (wide arrow). The ridge, which is 
composed of the periplasmic flagella, extends down the length of the cell, and is left-handed with respect to the cell axis. The 
periplasmic flagella rotate counterclockwise (CCW) as viewed from the back of the cell (thin arrow at anterior end). This 
rotation causes waves to move from the anterior to the posterior ends of the cell (center arrow). Concomitant with this 
rotation, the cell rolls clockwise (CW) about the body axis (thin arrow at the posterior end). Image taken from Li et al. 
(2000b), with permission of Horizon Scientific Press. 
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Flagella operon 

Fig. 8. Organization of the motility genes of B. burgdorferi (Fraser et al., 1997; Ge and Charon, 1997a; Ge and Charon, 
1997b). Black arrows indicate direction of transcription of genes, and promoters have been identified by primer extension 
and operons by RT-PCR (Ge and Charon, 1997a; Ge and Charon, 1997b). Gray stippled arrows indicate presumed promoters, 
operons, and direction of transcription based solely on sequence analysis. Adapted from Li et al. (2000b), with permission of 
Horizon Scientific Press. 



proteins are of interest for several reasons: 1) 
they are often found at the interactive surface 
{Borrelia Molecular Architectiture) between the 
spirochete and its growth environment, 2) many 
have been shown to be differentially expressed 
(see “Differential Gene Expression”) depending 
on the growth environment, with some being 
preferentially expressed within either the arthro- 
pod or mammalian host, 3) some have assigned 
physiological roles (see “Differential Gene 
Expression”), 4) they may serve as potential 
protective immunogens (see “Lyme Disease Vac- 
cine”), and 5) they are potent proinflammatory 
agonists (Lipoproteins and the Innate Immune 
Response). The significance of this class of mem- 
brane proteins is highlighted by the large num- 
ber of putative lipoproteins identified (>150 on 
the linear chromosome and the plasmids) in the 
Borrelia burgdorferi genome, comprising nearly 
10% of the total coding region (Fraser et al, 
1997; Casjens et al, 2000). Not surprisingly, the 
majority of borrelial membrane proteins were 
found to be typical bacterial lipoproteins, pos- 
sessing consensus lipoboxes (leader peptides 
required for lipid modification and transport to 
the membrane; Fraser et al., 1997). As also would 
be expected, genes encoding the necessary 
enzymes for lipid modification (prolipoprotein 
diacylglycerol transferase Igt and prolipoprotein 
signal peptidase Isp) also were identified. A gene 
encoding the enzyme (Lnt) responsible for the 
next step in lipoprotein biosynthesis, transfer of 
a fatty acid from a membrane phospholipid to 
the N-terminal cysteine of the mature polypep- 
tide, however, was not identified. Since this activ- 
ity has been shown by biochemical and structural 
analyses to exist in Borrelia (Brandt et al., 1990; 
Belisle et al., 1994; Beermann et al., 2000), it is 
presumed that the organism contains a novel 
form of this enzyme. 



Transporters 

A number of genes thought to be involved in 
the transport of solutes and small molecules 
(Fig. 9) were identified within the B. burgdorferi 
genome; the linear chromosome encodes 46 
ORFs and the plasmids of an additional six 
ORFs related to the transport and binding of 
proteins. The combined ORFs form 16 distinct 
membrane transporters of amino acids (i.e., 
glycine/betaine/L-proline and oligopeptides), 
carbohydrates (i.e., methylgalactoside, ribose, 
galactose, fructose, glucose and maltose), small 
molecules (glutamate, chromate and sperma- 
dine/putrescine), anions (i.e., phosphate), and 
cations (i.e., magnesium and potassium; Fraser 
et al., 1997). The majority of these transport sys- 
tems are members of the family of ATP-depen- 
dent, multi-subunit ABC-transporters, with 
many exhibiting broad substrate specificity 
(Fraser et al., 1997). The ability of Borrelia to 
transport a wide variety of solutes is thought to 
compensate for this organism’s restricted coding 
potential and its inability to synthesize amino 
acids de novo. A survey of the genome sequence 
failed to identify transport systems for nucle- 
otides, nucleosides, NAD/NADH, or fatty acids, 
although proteins responsible for these functions 
are likely to be present (Fraser et al., 1997). 

The oligopeptide transporters (Opp) are the 
best studied of the Borrelia transporter families. 
This family is composed of 1) five peptide- 
binding proteins, OppAl, OppA2, Opp A3, 
OppAIV, and OppAV (all thought to be lipo- 
proteins, but lipid modification has only been 
confirmed for OppA-1, OppA-2 and OppA-3; 
Kornacki and Oliver, 1998); 2) two trans- 
membrane proteins (OppB and OppC); and 3) 
two ATPases (OppD and OppF, Fraser et al., 
1997; Bono et al., 1998). OppAl, OppA2 and 
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Fig. 9. Solute transport and metabolic pathways in B. burgdorferi. A schematic of a B. burgdorferi cell, providing an integrated 
view of the transporters and the main components of the metabolism of this organism, as deduced from the genes identified 
in the genome. The ORF numbers correspond to those listed in Table 2 of Fraser et al. (1997). Red indicates chromosomal 
and blue indicates plasmid ORFs. Presumed transporter specificity is indicated. Yellow circles indicate places where particular 
uncertainties exist as to the substrate specificity, subcellular location, direction of catalysis, or absence of expected activities. 
Taken from Fraser et al. (1997) and www.nature.com (http://www.nature.com/cgi-taf/DynaPage. taf?file=/nature/journal/v390/ 
n6660/full/390580a0_fs.html) and reprinted by permission from Nature (http://www.nature.com), © 1997 Macmillan 
Magazines Ltd. 
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OppA3, along with OppB-F, are encoded in tan- 
dem on the chromosome, whereas OppAIV and 
OppAV are encoded on a circular (cp26) and 
linear (lp54) plasmid, respectively (Bono et al, 
1998). This genetic organization is unique among 
oligopeptide transporters, which typically are 
present at a single chromosomal locus. Paralogs 
of these genes have also been identified in the B. 
burgdorferi sensu lato strains, B. hermsii and B. 
afzelii (Kornacki and Oliver, 1998). 

The putative physiological roles for this, and 
other oligopeptide transporters, include sensing 
pertinent environmental signals and nutrient 
uptake (by recycling cell wall and external pep- 
tides; Bono et al., 1998). The OppA (OppA-1, 
OppA-2, OppA IV and OppAV) proteins were 
able to function as substrate binding proteins by 
complementation of an opp~ E. coli strain (Lin 
et al., 2001). To explore the role of this oligopep- 
tide permease in the transmission and adaptation 
of B. burgdorferi between the arthropod and 
mammalian environments, an oppAIV mutant 
was created by insertion inactivation; this mutant 
did not show impaired growth in BSK II medium 
(Bono et al., 1998; Table 3). Unfortunately, the 
current state of borrelial genetics did not allow 
for this mutation to be constructed in an infec- 
tious Borrelia strain, and therefore its ability to 
cycle between the tick and mammalian host 
could not be determined. A B. burgdorferi strain 
N40 containing a spontaneous truncation in 
oppA2, however, was successfully maintained in 
the tick-mammal infectivity cycle. This latter 
observation may be due to functional redun- 
dancy among the five OppA peptide-binding 
proteins, or this system is not essential for main- 
tenance of the enzootic cycle. 



Genetics 

The organization of the Borrelia genomes is 
unique within the Family Spirochaetaceae and 
perhaps among the prokaryotes. Most signifi- 
cantly, the chromosome is linear in nature, hav- 
ing single-stranded hairpin loops at each termini, 
resembling telomeres, a form of DNA thought to 
be restricted to eukaryotes and viruses (Barbour 
and Garon, 1987; Baril et al., 1989; Ferdows 
and Barbour, 1989; Hinnebusch et al., 1990; 
Bergstrom et al., 1992; Casjens and Huang, 
1993; Casjens et al., 1997a; Casjens, 1999; Casjens 
et al, 2000; Volff and Altenbuchner, 2000). Borre- 
lial DNA has a G-\-C content of ~29 mol%, which 
is lower than that (www.tigr.org) reported for 
Treponema pallidum and Leptospira (Hyde and 
Johnson, 1984; Fraser et al., 1997; Fraser et al., 
1998). The chromosome copy number of one 
borrelial species, B. hermsii, was determined to 



be 16 copies per cell (Kitten and Barbour, 1992). 
These data were also supported using individual 
agarose-embedded spirochetes {B. burgdorferi 
and B. hermsii) labeled in situ and visualized 
directly by epifluorescence microscopy (Hinneb- 
usch and Bendich, 1997). This number is signifi- 
cantly higher than that of the prototypic 
bacterial species, E. coli, which when actively 
growing, has an average of 6.5 chromosomal ori- 
gins per cell (Bremer and Dennis, 1987). In situ 
visualization of the bacterial nucleoids of E. coli 
and Borrelia spp. by fluorescence microscopy 
also suggests that the Borrelia spp. chromosome 
is not organized into the tightly packed, or con- 
densed, nodes found in E. coli, but instead con- 
sists of a loose meshwork of DNA strands that 
lack a central organizing node (Hinnebusch and 
Bendich, 1997). 

The putative origin of replication (on) of the 
B. burgdorferi chromosome was recently 
mapped using a combination of theoretical (GC 
skew analysis) and molecular (nascent DNA 
strand analysis) methodologies (Picardeau et al., 
1999b). Analysis of the GC skew pattern identi- 
fied a region in which there was a switch in polar- 
ity from positive to negative at the middle of the 
chromosome. A cumulative GC skew diagram of 
complete series of B. burgdorferi gene sequences 
showed a minimum between the dnaA and dnaN 
genes, analogous to the position of oriC in an 
identical analysis of E. coli. Further analysis of 
this region, however, failed to identify other 
sequences (DnaA initiator protein-binding 
sites and AT-rich regions) characteristic of both 
Gram-negative and Gram-positive origins 
(Picardeau et al., 1999a). The identification of a 
DnaA ortholog in B. burgdorferi suggests that 
this protein may bind to a unique site within the 
origin (Fraser et al., 1997). 



Plasmids of Borrelia 

In addition to containing linear chromosomes, 
any one spirochete may contain 21 or more dif- 
ferent extrachromsomal elements (plasmids), 
ranging in size from 5-56 kb, in either linear or 
supercoiled circular forms (Fraser et al., 1997; 
Casjens et al., 2000; Fig. 11). Linear plasmids also 
have covalently closed termini similar to those 
on the linear chromosome. The unusual linear 
plasmids were first described in B. hermsii, but 
multiple linear and circular plasmids have also 
been described for many other Borrelia includ- 
ing B. hermsii, B. parkeri, B. turicatae, B. croci- 
durae, B. burgdorferi, B. coriaceae and B. 
anserina (Hyde and Johnson, 1984; Barbour, 
1988; Goodman et al., 1991; Kitten and Barbour, 
1992; Xu and Johnson, 1995; Marconi et al., 
1996a; Barbour et al., 1996b; Stevenson et al.. 
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Fig. 10. Distribution of TTGTTTTT and the GC skew in the B. burgdorferi chromosome. Top, distribution of the octamer 
TTGTTTTT. The lines in the top panel represent the location of this octamer in the plus strand of the sequence, and those 
in the second panel represent the location of this oligomer in the minus strand of the sequence. Bottom, GC skew. Taken 
from Fraser et al. (1997) and www.nature.com (http;//www.nature.com/cgi-taf/DynaPage.taf?file=/nature/journal/v390/n6660/ 
full/390580a0_ fs.html) and reprinted by permission from Nature (http://www.nature.com), © 1997 Macmillan Magazines Ltd. 
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Fig. 11. Schematic representation of the linear chromosome 
and plasmids (linear and circular) of Borrelia burgdorferi. 



2000a; Stevenson et al, 2000b; Hendson and 
Lane, 2000). 

The only fully sequenced, and therefore the 
best characterized, genome is that of B. burgdor- 



feri (The B. burgdorferi Genome Sequence). In 
this species, the full complement of linear and 
circular plasmids comprises approximately one- 
third of the total genomic content (Fraser et al., 
1997; Casjens et al., 2000). Studies examining the 
copy number of Borrelia plasmids indicate that 
the linear and circular plasmids are closely main- 
tained at approximately one plasmid copy per 
chromosome in a population of cells (Kitten and 
Barbour, 1992; Hinnebusch and Barbour, 1992; 
Casjens and Huang, 1993). This tight control of 
plasmid copy number suggests that replication of 
these extrachromosomal elements may be con- 
trolled by a mechanism similar to that of chro- 
mosomal replication. It has been proposed that 
the Borrelia linear plasmids are actually 
“minichromosomes” (Casjens, 1999; Barbour, 
1993). The mechanism by which the linear and 
circular plasmids are replicated is currently a 
matter of much speculation, although recent 
data would suggest that the linear plasmids ini- 
tiate replication at their centers and that replica- 
tion in both types of plasmids proceeds in a 
bidirectional manner (Picardeau et al., 1999b; 
Casjens, 1999; Casjens et al., 2000). In proposed 
models (Fig. 12), the Borrelia linear plasmids are 
thought to use a circular intermediate for repli- 
cation; circular replication intermediates have 
been isolated from some Borrelia spp. (Ferdows 
et al., 1996). The formation of covalently closed 
hairpin loops (telomeres) and the initiation of 
DNA replication near the center of the chromo- 
some and linear plasmids present, however, a 
dilemma for the cell. How does the cell resolve 
two parental strands that are covalently joined at 
the telomeres, but destined to end up in different 
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Fig. 12. Four strategies to replicate linear DNAs with covalently closed hairpin telomeres. In scheme (a), bidirection initiation 
of replication occurs near the center of the chromosome, whereas in scheme (b), initiation occurs within the terminal loops. 
In both (a) and (b), replication is followed by strand nicking and reassortment during end resolution (semiconservative 
replication) or strand separation and topoisomerization (conservative replication). In scheme (c), strand nicking occurs both 
during circularization and after replication. In scheme (d), strand nicking precedes duplication. Red lines indicate newly 
synthesized strands; black bars indicate replication origins on an unbroken template strand; the black and blue arrowheads 
indicate different sequences near the two telomeres to indicate the head-to-head and tail-to-tail joints in the possible dimer 
circle intermediate and the head-to-tail joints in the possible monomer circle intermediate. These strategies need not be 
mutually exclusive; for example, strategies (a) and (d) could combine to replicate the bulk and ends of the DNA, respectively. 
Reprinted from Current Opinion in Microbiology, 2, Casjens, S., Evolution of the linear DNA replicons of Borrelia burgdor- 
feri. pp. 529-534, © 1999, with permission from Excerpta Medica, Inc. (Casjens, 1999). 



daughter cells? Several mechanisms of strand 
resolution have been proposed, each utilizing a 
strand breakage to allow for segregation of the 
two parental strands, and also may involve the 
use of specific proteins, (i.e., transposases, inte- 
grases and telomerases). Recent studies by Cha- 
conas et al. (2001) have proposed a model by 
which the hairpin telomeres are processed dur- 
ing replication. According to this model, the final 
step in the replication of linear replicons is a site- 
specific DNA breakage and reunion event to 
regenerate covalently closed hairpin ends. For 
recent reviews of B. burgdorferi DNA replica- 
tion, see Casjens (1999) and Garcia-Lara et al. 
(2000). 

The origin of linear DNA hairpin telomeres in 
Borrelia is also a matter of much speculation. 
Hinnebusch and Barbour (1991) noticed a low 
level of sequence similarity between the Borrelia 



telomeres and the hairpin ends of the iridopox- 
virus African swine fever virus (ASFV). One 
very interesting hypothesis suggests that if a lin- 
ear ASFV-like element had integrated into an 
ancestral Borrelia circular DNA element, it 
could have generated a linear DNA molecule 
and brought along with it the necessary machin- 
ery for end-resolution. Although no convincing 
DNA similarities were detected between Borre- 
lia and poxvirus genes, most of the poxvirus 
genome could have been lost during evolution, 
leaving only the end-resolution apparatus 
required for the replication of the linear DNA 
molecules. This scenario is made more plausible 
by the fact that both Borrelia and ASFV are 
transmitted by arthropods; Ornithodoros 
moubata (Table 2) is known to transmit both B. 
duttonii and ASFV. This colocalization within 
an arthropod vector brings these very distinct 
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phyla into close enough proximity of each 
other to allow for genetic exchange (Casjens, 
1999). 



Plasmids and Borrelia Virulence 

Shortly after the discovery of Borrelia plasmids, 
it was noted that this bacterium will often lose 
plasmids as a result of continuous in vitro culti- 
vation (Barbour, 1988). It also was demonstrated 
that a loss of plasmid content was often associ- 
ated with changes in protein profile and/or a 
reduction of infectivity (Schwan et al., 1988b; 
Persing et al., 1994; Golde and Dolan, 1995; 
Norris et al., 1995; Xu et al., 1996; Busch et al., 
1997; Zhang et al., 1997; Anguita et al., 2000; 
Purser and Norris, 2000; Labandeira-Rey and 
Share, 2001). Two recent studies have more fully 
characterized the relationship between plasmid 
content and infectivity in B. burgdorferi using 
clones with their plasmid content fully (Purser 
and Norris, 2000) or partially (Labandeira-Rey 
and Share, 2001) characterized. Both of these 
studies demonstrated that the loss of one or 
more linear plasmids can be correlated with a 
reduction or loss of infectivity. While both of 
these studies represent a significant step towards 
furthering our understanding of the role of plas- 
mid-encoded genes in borrelial virulence, the 
contribution of many of the circular plasmids 
could not be assessed because 1) they were not 
lost spontaneously during the isolation of clones 
(Purser and Norris, 2000), or 2) they were not 
included in the test panel to determine plasmid 
content (Labandeira-Rey and Share, 2001). 
These data are, however, consistent with the 
notion that one possible role for the plasmids of 
Borrelia spp., lihe the virulence-associated plas- 
mids of many bacteria (i.e.. Salmonella spp. 
Shigella flexneri, Bacillus anthrasis and Agrobac- 
terium tumefaciens), is to encode proteins that 
enable this bacterium to survive in vastly differ- 
ent environmental conditions and hosts. Also 
consistent with this hypothesis is the presence of 
genes that are expressed preferentially within 
either of these different host environments. To 
date, all of the differential gene expressions 
described have been localized to the linear and 
circular plasmids, further supporting a significant 
role for plasmids in the biology of these spiro- 
chetes (Wallich et al., 1993; Champion et al., 
1994; Akins et al., 1995; Akins et al., 1999; 
Schwan et al., 1995; Stevenson et al., 1995; 
Stevenson et al., 1998a; Suk et al., 1995; Porcella 
et al., 1996; Lahdenne et al., 1997; Cassatt et al., 
1998; Fikrig et al., 1999; Yang et al., 1999; 
Caimano et al., 2000; Miller et al., 2000; Hefty 
et al., 2001). 



The Borrelia burgdorferi Genome Sequence 

One of the most significant recent developments 
in borrelial research was the publication of the 
complete DNA sequence of the B. burgdorferi 
chromosome (Fig. 5) and associated plasmid ele- 
ments (Fraser et al., 1997; Casjens et al., 2000; 
Fig. 11). The B. burgdorferi strain chosen for this 
project was the type strain B31 (ATCC 35210), 
an isolate obtained from an 7. scapularis tick 
caught on Shelter Island, New York (Burgdorfer 
et al., 1982; Johnson et al., 1984). Prior to begin- 
ning the sequencing project, the American Type 
Culture Collection (ATCC) isolate was cloned 
by limiting dilution to yield an isolate now 
referred to by many as “B31-Medlmmune” 
(B31-MI; Fraser et al., 1997). While this isolate 
has been minimally passaged in vitro, B31-MI is 
missing three circular plasmids (cp32-2, cp32-5 
and cp9-2) as compared to the original isolate 
(Stevenson et al., 1998c; Miller et al., 2000). 
Briefly, the data from this project revealed that 
the B. burgdorferi linear chromosome is approx- 
imately 911 kb and is predicted to encode 853 
open reading frames (ORFs). Biological roles 
were assigned to 59% of these ORFs. Of the 
remaining ORFs, 12% matched hypothetical 
coding sequences of unknown function from 
other organisms, and 29% were unique to B. 
burgdorferi (Fraser et al., 1997). In addition to 
the large linear chromosome, 12 linear and 9 
circular extrachromosomal elements (plasmids) 
were also sequenced, totaling an additional 
611 kb (Fraser et al., 1997; Casjens et al., 2000). 
In contrast to the ORFs encoded on the chromo- 
some, greater than half of the ORFs contained 
on the plasmids did not have significant database 
matches to organisms other than Borrelia. 

In the pre-genomic era, a number of laborato- 
ries had published reports calling attention to the 
fact that B. burgdorferi contains a large number 
of “repeated” sequences (i.e., related sequences 
present in multiple copies per genome; Simpson 
et al., 1990; Zuckert et al., 1994; Zuckert et al., 
1999; Marconi et al., 1996b; Porcella et al., 1996; 
Zuckert and Meyer, 1996; Fraser et al., 1997; 
Stevenson et al., 1997; Stevenson et al., 2000a; 
Carlyon and Marconi, 1998a; Carlyon et al., 
1998b; Caimano et al., 2000; Carlyon et al., 2000), 
reviewed in Casjens et al. (2000). The full 
extent of this sequence redundancy has be- 
come apparent with the availability of the com- 
plete genomic sequence (Fraser et al., 1997; 
Casjens et al., 2000). One hundred and fifty-six 
paralogous families have been identified, with 
each paralogous family having at least two and 
up to 42 members. Although biological roles 
have been assigned to some of these paralogous 
families (e.g., ABC transporters [PF4, PF37, 
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PF41, PF105], methyl-accepting chemotaxis pro- 
teins [PF13], and plasmid partitioning [PF32, 
PF49]), the majority represent proteins with no 
known function. The large number of paralogous 
families is strong evidence that recombinatorial 
processes have conferred a remarkable degree of 
plasticity upon the B. burgdorferi genome, pre- 
sumably in the context of enhancing its adapta- 
tion to diverse ecological niches. 



The cp32 Family of Supercoiled 
Circular Plasmids 

One of the best characterized examples of 
genetic redundancy in Borrelia is the family of 
32- and 18-kb supercoiled circular plasmids 
(cp32s; Ztickert et al., 1994; Ztickert and Meyer, 
1996; Casjens et al., 1997b; Stevenson et al., 1997; 
Stevenson et al., 1998c; Stevenson et al., 2000b; 
Akins et al., 1999; Caimano et al., 2000; Casjens 
et al., 2000). Borrelia burgdorferi sensu stricto 
isolates may contain up to 9 different cp32 plas- 
mids (Fig. 11), each encoding ospElospFlelplerp 
loci (Akins et al., 1995; Akins et al., 1999; Steven- 
son et al., 1996; Stevenson et al., 1997; Stevenson 
et al., 1998c; Casjens et al., 1997a; Caimano et al., 
2000; see “OspE/OspF/Elp Lipoproteins”), as 
reviewed in Stevenson et al. (2000b). Each mem- 
ber of this plasmid family shares a high degree 
of similarity throughout its sequence, with only 
limited regions of sequence heterogeneity 
observed. Interestingly, the three regions, which 
are variable between members of this plasmid 
family, contain loci thought to be involved in the 
stable maintenance and partitioning of these 
plasmids and two paralogous families of dif- 
ferentially expressed lipoproteins (the Mlp 
Lipoproteins and OspE/OspF/Elp lipoproteins; 
Porcella et al., 1996; Stevenson et al., 1996; 
Stevenson et al., 1998c; Stevenson et al., 2000a; 
Akins et al., 1999; Yang et al., 1999; Caimano et 
al., 2000). Evidence has been presented that sug- 
gests these latter two variable regions represent 
sites of extensive recombination during the 
molecular evolution of this plasmid family 
(Stevenson et al., 1998c; Akins et al., 1999; Caim- 
ano et al., 2000). In addition, the presence of 
“unique” sequences downstream of some of the 
OspE/OspF/Elp loci suggests that B. burgdorferi 
may be capable of acquiring and incorporating 
exogenous DNA (Caimano et al., 2000). The rel- 
atively high density of spirochetes in the tick 
midgut, compared to the density within mamma- 
lian tissues, makes the midgut the most likely 
milieu in which this recombination occurs. 

Linear forms of cp32-related plasmids have 
been described in B. burgdorferi (lp56) and B. 
parkeri (Fraser et al., 1997; Casjens et al., 2000; 



Stevenson et al., 2000b). An analysis of one linear 
plasmid, lp56, revealed that it contains within it 
an essentially intact copy of a cp32-like plasmid. 
The region of lp56 that is cp32-like appears to 
have resulted from an integration event (by an 
unknown mechanism) between a progenitor 
cp32-like plasmid and an unique linear plasmid. 
Although the inserted cp32-like progenitor 
shares a higher degree of homology with several 
cp32s (cp32-4, cp32-6 and cp32-9), it is not iden- 
tical to any of the seven known cp32 plasmids 
and therefore potentially represents an eighth 
member of this family (Casjens et al., 2000). A 
second example of recombination between the 
linear and circular plasmids is evident on lp54 
(Casjens et al., 2000; Caimano et al., 2000; Fig. 
13). This plasmid is notable because it encodes 
the ospA/B (see “Reciprocal Expression of 
OspA and OspC”) operon and the decorin- 
binding protein operon dbpBA (see “Decorin- 
and Fibronectin-binding Proteins”); both of 
these operons have been shown to be differen- 
tially expressed {ospA/B is downregulated, 
whereas dbpBA is upregulated in the mammalian 
host). The linear lp54 plasmid contains several 
stretches with high degrees of homology to para- 
logs which are otherwise exclusively encoded on 
cp32 plasmids (Fraser et al., 1997; Caimano et al., 
2000; Casjens et al., 2000; Fig. 13). The presence 
of subsequent insertions and replacements within 
the region of cp32-like sequence suggests that the 
recombinatorial event(s) responsible for shaping 
lp54 is likely to have occurred much earlier in the 
evolution of the Borrelia plasmid complement 
than the event that resulted in the lp56 plasmid 
(Casjens et al., 2000). 

Two different types of recombinatorial events 
are thought to have occurred within the cp32 
family of plasmids (Caimano et al., 2000). The 
first involved exchanges between these plasmids 
and the bacterium’s other genetic elements. 
This process appears to have been relatively 
unrestricted in that it utilized diverse donor 
sequences and recipient sites; its principal con- 
straint is that it was limited to sequences 
already present within the borrelial genome. 
One of its primary functions appears to have 
been plasmid building (Fig. 13), that is, generat- 
ing the scaffolding or framework needed to 
assemble novel genetic elements. The second 
type of recombinatorial event, in contrast, was 
confined to relatively small regions of the cp32 
plasmids but was less restrictive in that it uti- 
lized nonparalogous DNAs, including what may 
be exogenous genes (i.e., the unique sequences 
downstream of some of the OspE/OspF/Elp 
lipoproteins loci). A major consequence of this 
second type was to individualize plasmids via 
the variable regions. 



254 M. Caimano 



CHAPTER 4.3 




Fig. 13. Borrelia burgdorferi strain 
297 cpl8-2. Representative depic- 
tion of the mosiac nature of the 
cp32/18 plasmid family. Taken from 
Caimano et al. (2000), with per- 
mission of American Society of 
Microbiology (ASM) Press (http:// 
www.journals. asm.org). 



plasmid mosiac 



Recently, members of the cp32 family were 
also described in the relapsing fever spirochete, 
B. hermsii (Stevenson et al., 2000a). Although 
this plasmid contains many of the sequences that 
typify the cp32 family of plasmids (i.e., Mlp Lipo- 
proteins, two Bdr paralogs, and partitioning 
loci (PF32 and PF50 paralogs), it does not 
contain an OspE/OspF/Elp (Erp) lipoprotein 
(Stevenson et al., 2000b; OspE/OspF/Elp Lipo- 
proteins). Even more striking, however, is that 
the position of the Mlp Lipoproteins on the B. 
hermsii plasmid is in the position normally occu- 
pied by the ospElospFlelplerp (see “OspE/OspF/ 
Elp Lipoproteins”) locus. An analysis of the B. 
hermsii genome by Southern hybridization did 
not reveal any sequences that hybridized with a 
B. burgdorferi ospElospFlelplerp probe (Steven- 
son et al., 2000a), suggesting that the relapsing 
fever spirochete lacks homologs of these lipopro- 
teins, or if they are present, their sequences are 
divergent beyond detection at the level of strin- 
gency used. The B. hermsii cp32 also encodes a 
novel protein, Bhm, a putative nucleotide meth- 
ylase (Stevenson et al., 2000b). 



Borrelia Pseudogenes 

In addition to the duplications and rearrange- 
ments identified in the B. burgdorferi genome, a 



significant proportion of the genome was found 
to contain a large number of mutationally dam- 
aged genes and/or genes thought not to be 
expressed due to frameshift, inframe stop 
codons, and fused or truncated genes (pseudo- 
genes; Casjens et al., 2000). In some instances, 
the majority of a plasmid’s copy capacity is com- 
prised of pseudogenes; for example, lp28-l 
encodes 36 pseudogenes (78% of its total coding 
capacity), lp21 encodes 6 pseudogenes (50% of 
its coding capacity), and lp56 encodes 22 pseudo- 
genes (61% of its total coding capacity; Casjens 
et al., 2000). In total, 670 potentially functional 
(non-pseudo)genes and 167 pseudogenes were 
identified on the 21 plasmids sequenced (Fraser 
et al., 1997; Casjens et al., 2000). Interestingly, 
ten of the strain B31 plasmids (lp5, lpl7, lp21, 
lp25, lp28-l, lp28-3, lp28-4, lp36, lp38 and the 
non-cp32-like portion of lp56) contain 87% of 
the pseudogenes and have a total non-pseudo- 
gene coding capacity of only 41%, with the 
majority (43%) of these encoding genes >300 bp 
in length (Casjens et al., 2000). It has been 
hypothesized that the large number of pseudoe- 
genes present on some borrelial plasmids may 
represent remnants of genes that are no longer 
useful but have not yet been completely elimi- 
nated from the genome (Casjens et al., 2000). 
Two recent publications may help explain why at 
least two of the pseudogene-rich plasmids are 
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consistently maintained in the B. burgdorferi 
genome: 1) the localization of a locus, vlsE {B. 
burgdorferi vis Locus), thought to be responsible 
for antigenic variation in B. burgdorferi to lp28- 
1 (Zhang et al, 1997), and 2) lp28-l and lp25 
were both correlated with infectivity in mice 
(Purser and Norris, 2000; Labandeira-Rey and 
Share, 2001). 

Bacteriophage of Borrelia 

Bacteriophage-like particles have been 
described for a number of spirochetes, including 
Borrelia, Treponema (see The Genus Treponema 
in this Volume), Leptonema, Leptospira and 
Brachyspira (see review by Eggers et al, 2000). 
Hayes and coworkers (Hayes et al., 1983) iden- 
tified the first bacteriophage-like particles in B. 
burgdorferi in 1983. Two similar phage-like par- 
ticles were described from a human isolate of B. 
burgdorferi, but differed (at the ultrastructural 
level) from those particles reported by Hayes 
and co-workers. These data suggest that borre- 
liae may harbor more than one type of bacte- 
riophage (Neubert et al., 1993; Schaller and 
Neubert, 1994). Recently, Eggers and coworkers 
have characterized a bacteriophage OBB-1 (Fig. 
14) from B. burgdorferi stain CA-11.2A (Eggers 
and Samuels, 1999) and demonstrated that phage 
particles could be produced spontaneously or by 
the use of a DNA alkylating compound (MMNG, 
l-methyl-3-nitro-nitrosoguanidine) as an induc- 
ing agent. A molecular characterization of OBB- 
1 revealed that the phage heads were packaged 
with a discrete piece of linear, double-stranded 
DNA molecule 32 kb in size as its genome. These 
linear molecules lack the covalently closed ends 
characteristic of the linear plasmids typically 
found in Borrelia. Further analyses demon- 
strated that the prophage form of OBB-1 is 
maintained as one or more members of the cp32 
plasmid family and that genes present on these 
plasmids (BBP41 to BBP26) most likely consti- 
tute the genes necessary for a phage late regulon 
(Eggers et al., 2000). Eggers and co workers have 
also been able to use OBB-1 as a tool for trans- 
duction (the transfer of DNA between bacteria 
using bacteriophage) by transferring an antibi- 
otic-resistance marker {kan") between cells of 
different B. burgdorferi strains (Eggers et al., 
2001 ). 

Genetic Transformation of Borrelia 

The inability to introduce exogenous (borrelial 
or non-borrelial) DNA into Borrelia spp. had 
long been a hindrance to using molecular biol- 
ogy techniques (i.e., transformation, gene inacti- 
vation, and transfection/transduction) that have 
become routine in most other well-characterized 




Bacteriophage BBPhi-1 

Fig. 14. Borrelia burgdorferi phage OBB-1. Samples were 
collected from polyethylene glycol (PEG) -precipitated cell- 
free supernatants of a B. burgdorferi culture, stained with 
phosphotungstic acid, and viewed by transmission electron 
microscopy. The contractile tail is either extended (left) or 
contracted (right). Image taken from Eggers et al. (2001), 
with permission of ASM Press (http://www.journals.asm.org). 



bacterial strains such as E. coli. Bacillus subtilis 
and Streptococcus pneumoniae. This was due in 
part to both the difficulties associated with the 
development of a method for the introduction of 
exogenous DNA into Borrelia spp. and the lack 
of a suitable cloning (shuttle) vector; these two 
basic elements are necessary to perform many of 
the classical molecular genetics experiments. 
Recent work on B. burgdorferi, however, has 
demonstrated that both of these hurdles may 
soon be cleared (see review by Tilly et al., 2000). 
One of the first major advances in molecular 
genetics was the demonstration of transforma- 
tion of B. burgdorferi. In this pioneering experi- 
ment, Samuels and co-workers (Samuels et al., 
1994b) were able to introduce a genetic marker 
(coumermycin Ai resistance [gyrB"^]) into Borre- 
lia using electroporation. This methodology, 
combined with a solid medium plating tech- 
nique, allowed for the isolation of single colony 
isolates of transformed bacteria (Samuels and 
Garon, 1993; Samuels et al., 1994a; Samuels et 
al., 1994b; Samuels et al., 1995). These studies 
were soon followed by the first allelic exchange 
studies using targeted insertions of borrelial 
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genes (Rosa et al, 1996; Tilly et al., 1997). A 
number of additional borrelial genes involved in 
peptide transport (oppAIV), nucleotide biosyn- 
thesis (guaB), and environmental sensing and / 
or virulence (ospC, see “Reciprocal Expression 
of OspA and OspC”) have since been mutated 
by gene inactivation and their phenotypes exam- 
ined (Tilly et al, 1997; Tilly et al, 1998; Bono 
et al, 1998). The limitations of using coumermy- 
cin soon necessitated the development of tools 
for the introduction of heterologous (foreign) 
DNA to monitor gene expression without anti- 
biotic selection (Stevenson et al., 1998b). The 
most recent breakthrough came with the devel- 
opment of the first extrachromosomal cloning 
vector system for B. burgdorferi. In this system, 
a broad-host range vector, pGK12 (containing 
replication functions from Lactococcus lactis 
and erythromycin- and chloramphenicol- 
resistance markers from Staphylococcus aureus), 
was used to transform B. burgdorferi and confer 
resistance to erythromycin. This plasmid was 
shown to replicate autonomously in strain B31 
and conferred resistance to erythromycin to 
these transformed bacteria. These studies per- 
mitted the development of a reporter plasmid 
containing enhanced green fluorescent protein 
(EGFP) under the control of a borrelial pro- 
moter (Saratokova et al., 2000). These combined 
studies represent major steps toward furthering 
our understanding of borrelial genomics, partic- 
ularly the regulation of gene expression and 
function. The majority of this work was per- 
formed using noninfectious strains of B. burg- 
dorferi. To fully realize the potential of these 
molecular tools, methods for the transforma- 
tion of infectious strains of Borrelia will need to 
be developed. Towards that end, recent studies 
by Stewart et al. (2001) have reported the isola- 
tion of a circular plasmid region from a B. burg- 
dorferi circular plasmid (cp9) that is capable of 
autonomous replication and represents the first 
shuttle vector based on a borrelial origin of rep- 
lication and plasmid partitioning. Stewart and 
co-workers also were able to demonstrate that 
this cp9-based shuttle vector can be electropo- 
rated into an infectious strain of B. burgdorferi 
(Stewart et al., 2001). One notable consequence 
of this transformation, however, was the rapid 
displacement of the endogenous cp9 plasmid of 
the recipient strain N40, a phenomenon almost 
certainly related to a plasmid compatibility issue 
between the shuttle vector (containing the cp9 
replication region) and the endogenous cp9. 
While this displacement event did not affect the 
ability of the bacterial transformants to grow in 
culture medium, it does present a significant lim- 
itation of using this and similar shuttle vectors in 
a genetic background containing the full genetic 
complement of borrelial plasmids, whose roles in 



bacterial physiology and/or pathogenesis have 
not been fully determined. 



Epidemiology 

Relapsing Fever 

Two major forms of relapsing fever have been 
described, epidemic (louse-borne) and endemic 
(tick-borne). During large epidemics of louse- 
borne relapsing fever (LBRF), millions of peo- 
ple have been infected. The last large outbreak 
of epidemic relapsing fever occurred during and 
following World War II in the Mediterranean 
region. North Africa, and the Middle East 
(Felsenfeld, 1965; Bryceson et al., 1970; Cadavid 
and Barbour, 1998). Current outbreaks of LBRF 
are primarily reported from African countries, 
particularly Ethiopia and Sudan (Cadavid and 
Barbour, 1998), with some outbreaks occurring 
in the South American Andes. 

Endemic tick-borne relapsing fever (TBRF), 
transmitted by soft ticks of the genus Orni- 
thodoros (Table 1), is more sporadic in occur- 
rence than LTRF TBRF is endemic in the 
western United States, southern British Colum- 
bia, the plateau regions of Mexico, and Central 
and South America, the Mediterranean, Central 
Asia, and throughout most of Africa. In the 
United States, the environment in which a 
human host comes into contact with a tick vector 
is largely determined by the geographical loca- 
tion. In Texas, in the relapsing fever spirochete, 
B. turicatae, TBRF is transmitted by O. turicatae 
and is primarily acquired by residents or tourists 
cave exploring. In most other western states and 
southern British Columbia, B. hermsii is trans- 
mitted by O. hermsi and primarily acquired at 
higher elevations by visitors of rustic cabins that 
may house rodent nests. A recent outbreak of 
TBRF (due to B. hermsii) in Colorado was asso- 
ciated with a visit by vacationers from Nebraska 
and Kansas to a rustic cabin in Colorado 
(Trevejo et al., 1998). In this report, 11 out of 23 
family members vacationing at one rustic cabin 
developed symptoms suggesting TBRF, and 
although no spirochetes were visible in the case- 
patients blood smears, B. hermsii was cultured 
from the blood of one case-patient and two chip- 
munks trapped near the cabin (Trevejo et al., 
1998). A survey of previous visitors to that same 
cabin identified five additional persons from 
Nebraska, Kansas, Florida and Texas who had 
developed similar symptoms following their visit. 
A recent review by Dworkin et al. (1998), how- 
ever, identified 133 confirmed cases and 49 prob- 
able cases in northwestern United States and 
southwestern Canada. Confirmed cases were 
defined as both a febrile illness and detection 
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of spirochetes by microscopic examination of 
peripheral blood smears. A probable case was 
defined as a typical clinical history and either an 
exposure associated with a confirmed case or a 
positive serology test or enzyme-linked immun- 
osorbent assay (ELISA) confirmed by Western 
blot. The distribution of these cases was prima- 
rily in Washington (33%), Oregon (25.3%), 
Idaho (22%), and British Columbia (14.3%), 
with the remaining cases in Montana (0.5%) or 
not specified (4.9%). The majority of these cases 
were thought to be acquired by visiting rural 
cabin dwellings or homes (76.3%), often located 
on or near a body of water. Potential rodent 
reservoirs (mice, squirrels, chipmunks and rats) 
were also present at the exposure sites. The 
median elevation at which exposure occurred in 
89 of the 182 cases was 2,131 feet (range, 100- 
6,436 feet). The most frequent months of onset 
were the summer months (July and August), but 
cases were identified in all months except 
November. The cases were fairly evenly distrib- 
uted among the sexes (male, 57.1%; female, 
42.9%), but a higher number of cases were seen 
in children younger than 5 (6%) or under 18 
years of age (28.9%). Four women (11.4%) preg- 
nant during their illness were included in the 
review, one of whom gave birth to an infected 
infant. Many cases in the southern United States 
(i.e., Texas) are often associated with cave explo- 
ration. In this region, the tick vector (O. turicata) 
of the relapsing fever spirochete, B. turicatae, 
is found in burrows made by cave-dwelling 
rodents, owls and snakes (Goubau, 1984). TBRF 
in the southern United States exhibits a different 
seasonality from TBRF in the northwestern 
areas, with the majority of cases having a late fall, 
early winter month of onset (Burgdorfer, 1976b). 

Unlike Lyme disease (see “Epidemiology”), 
TBRF is not a nationally reportable communica- 
ble disease and is likely to be underreported. 
TBRF also may be incorrectly identified as Lyme 
disease owing to false positivity in Lyme disease 
serological diagnostic testing (Dworkin et al., 
1998). Unless a patient history of wilderness 
exposure or camping in rodent-infected areas is 
given and the patient is aware of a tick bite, the 
illness is usually not suspected during the initial 
period of fever (Fihn and Larson, 1980). 

Lyme Disease 

According to the Centers for Disease Control 
and Prevention (CDC) (http://www.cdc.gov/ 
ncidod/dvbid/lymeinfo.htm), Lyme disease is the 
most common vector-borne infection in the 
United States. According to surveillance data 
submitted to the CDC between 1992 and 1998, a 
total of 88,967 cases of Lyme disease were 
reported by 49 states, the District of Columbia, 



and Guam (2 cases), with a mean annual average 
of 5.1 reported cases/100,000 persons/year 
(Orloski et al., 2000; Fig. 17). Of the total cases 
reported nationwide, the majority were from 
only four Northeastern states. New York 
(32.8%), Connecticut (17.4%), Pennsylvania 
(14.6%), and New Jersey (12.2%; Orloski et al., 
2000). The reported incidence of Lyme disease 
(Fig. 16), when plotted by county, closely mirrors 
the regional distribution of the arthropod vector 
(Fig. 15) Ixodes scapularis in the Northeast and 
Midwest and Ixodes pacificus in the pacific 
northwest United States (Orloski et al., 2000). 
Cases have also been reported in most European 
countries where the Lyme spirochete is transmit- 
ted by Ixodes ricinus. In addition, the disease has 
been reported in China, Japan, Africa and 
Australia (Table 2). 

In the United States, Lyme disease is a report- 
able disease, and epidemiological data are 
collected and cataloged by the CDC (http:// 
www.cdc.gov/ncidod/dvbid/lymeinfo.htm) . Lyme 
disease in Europe are not reportable, and there- 
fore the epidemiological features of borreliosis 
in this region are often limited. An extensive 
epidemiologic study of Lyme disease in Europe, 
however, was performed in southern Sweden in 
1996 by Berglund et al. (1995). This study, con- 
ducted over a one-year period, used case defini- 
tions that generally corresponded to those used 
by the CDC for surveillance purposes (clinically 
diagnosed erythema migrans or one or more 
clinical manifestations of disease plus serological 
confirmation) to include a total of 1,471 patients 
with Lyme disease, with B. afzelii being the caus- 
ative agent in all cases. This number reflects an 
overall annual incidence of 69 cases per 100,000 
inhabitants, a number similar to that of endemic 
areas in the United States (24.2/100,000 and 98/ 
100,000 in New York and Connecticut, respec- 
tively). As with cases in the United States, the 
incidence varied markedly according to geo- 
graphic region, and the disease was widely prev- 
alent in several areas, with incidences ranging 
between 26 per 100,000 to as high as 160 per 
100,000 (Berglund et al., 1995). While no differ- 
ences were observed in the number of cases 
between men and women, incidence in children 
(5-9 yrs old) and the elderly (60-74 yrs old) was 
higher (Berglund et al., 1995; Fig. 18). 

In the northeastern United States, the onset of 
Lyme disease is greatest during the months of 
June, July and August (Orloski et al., 2000). The 
European study also reported a similar season- 
ality to Lyme disease, with tick bites being most 
frequent in July and the highest number of 
erythema migrans cases occurring in August 
and September (Berglund et al., 1995). These 
months coincide with the questing (feeding) 
period of the Ixodid nymph (Fig. 4), the life 
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Established* and reported** distribution of the Lyme disease vectors 
Ixodes scapularis (I. dammini) and Ixodes pacificus, by county, 
United States, 1907-1996 



* 

Established Ixodes scapularis 
Reported Ixodes scapularis 
Established Ixodes pacificus 
Reported Ixodes pacificus 



cpc 

-441 



*at least 6 ticks or 2 life stages (larvae, nymphs, adults) identified. 
**at least 1 tick identified. 



Distribution of Ixodes 

Fig. 15. Geographic distribution of Ixodes spp. Image adapted from the CDC (http://www.cdc.gov/ncidod/dvbid/ 
lymeepi.htm). 



Stage primarily responsible for the transmission 
of B. burgdorferi. In addition, these months are 
often associated with increased outdoor activi- 
ties, such as walking and hiking, which bring 
humans into closer proximity to the arthropod 
vector habitat. 

Recent reports have described a Lyme dis- 
ease-like illness in the south-central and south- 
eastern United States in patients who have no 
known exposure to the Lyme disease vector, 
Ixodes scapularis (Barbour et al, 1996a; Fig. 15). 
In these cases, a skin rash resembling erythema 
migrans (EM; Fig. 20) has been associated with 
bites by the hard tick, Amhylomma americanum, 
the Lone Star tick. Amblyomma americanum has 
not been shown to be a competent vector for B. 
burgdorferi (Piesman and Happ, 1997; Dolan 
et al., 1998) and the infectious agent, Borrelia 
lonestari {B. barbouri), thought to be responsible 
for this Lyme disease-like illness (Barbour et al.. 



1996b) has yet to be cultivated (Uncultivatable 
Borrelia spp.). 

Of mice and moths One interesting study 

by Jones et al. (1998) described a chain reaction 
of events beginning first with the level of acorns 
in a wooded area determining the winter sur- 
vival, reproduction, and the resulting density of 
mice (both a predator of gypsy moth pupae and 
a reservoir of the Lyme disease spirochete, B. 
burgdorferi) in the oak forests of the eastern 
United States. Second, the relationship between 
mouse and moth densities can either suppress or 
increase subsequent acorn densities (i.e., high 
gypsy moth populations can result in deforesta- 
tion and reduced acorn crops, whereas high 
mouse populations can result in increased pupae 
predation and increased acorn crops). Third, the 
location of high autumnal acorn density deter- 
mines the next summer’s larval tick densities by 
effecting the use of oak forests by deer (used by 






Number of reported cases of Lyme disease, by county — United States, 1999 




*Totai number of cases from these counties represented 90% of aii cases reported in 1999. 



Distribution of Lyme Disease 

Fig. 16. Geographic distribution of reported cases of Lyme disease. Taken from Orloski et al. (2000). 
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Fig. 17. Incidence of Lyme disease, by year — United States 1982-99 (http://www.cdc.gov/ncidod/dvbid/images/ 
ld_case_barchart.gif). Taken from Orloski et al. (2000), with permission. 
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Average annual incidence of reported cases of 
Lyme disease, by age group and sex, United States, 
1992 - 1998 * 




Age in years 



{a Male ■Female 



*n=74,732; PA excluded due to missing data 
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Incidence by age 

Fig. 18. Average annual incidence of reported cases of Lyme disease (http://www.cdc.gov/ncidod/dvbid/images/ld_case_ 
barchart.gif), by age group and sex in the United States during 1992-1998 (http://www.cdc.gov/ncidod/dvbid/lyme/92- 
98agesex.htm). 



adult ticks for mating); this situation in turn 
results in high densities of uninfected larval ticks 
and nymphal ticks questing when and where 
potentially spirochete-infected mice are most 
abundant. The authors suggest that it may be 
feasible to predict the risk of contracting Lyme 
disease from infected nymphal ticks in oak for- 
ests on the basis of autumnal acorn crops (mast- 
ing), with the risk being greatest two years after 
an abundant acorn crop (Jones et al, 1998). 



Pathogenicity 

Relapsing Fevers 

Two major forms of relapsing fever have been 
described, epidemic (louse-borne) and endemic 
(tick-borne; Table 1). For recent reviews of 
relapsing fever, see Dworkin et al. (1998) and 
Cadavid and Barbour (1998). In either of these 



forms, the relapsing fever borreliae gain access 
to the mammalian blood and lymph following 
transmission from an infected arthropod. After 
an incubation period of 4-18 days and after the 
spirochetes have multiplied to levels of 10^-10^ 
cells per ml of blood, the illness begins abruptly 
with shaking chills, fever, headache and fatigue, 
which persist for 3-7 days. Following an afebrile 
period of 5-10 days, a second symptomatic epi- 
sode may occur. Additional relapses of decreas- 
ing time and intensity are characteristic of the 
tick-borne disease but are uncommon in the 
louse-borne disease. In either case, the relapses 
are the result of antigenic variation, where the 
spirochetes are able to undergo a number of 
cyclic antigenic variations (see “Antigenic 
Variation”). When antibodies to the prevailing 
antigenic type appear, organisms “disappear” 
from the peripheral blood and are replaced by a 
different antigenic variant within a few days. If 
the host is untreated, this process may be 
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Fig. 19. Relapsing fever. A Wright’s-stained peripheral-blood 
smear contains two borrelia spirochetes isolated from a 
patient with recurring fever (arrows) (http://www.nejm.org/ 
content/1996/0335/0016/1197.asp). Taken from Newton and 
Pepper (1996). 



repeated several times, depending upon the 
infecting strain of Borrelia. During the acute 
phases of the illness, borreliae may be seen in 
blood smears stained with Giemsa or Wright 
stain (Fig. 19) and counterstained with crystal 
violet (Felsenfeld, 1971). The mortality rate in 
louse-borne relapsing fever ranges as high as 
40% in untreated cases, but can be less than 5% 
following antibiotic treatment. For a recent 
excellent review of the clinical manifestations 
and pathology of tick-borne relapsing fever, see 
Cadavid and Barbour (1998). 

Relapsing fever is well recognized as an infec- 
tion of the blood, but a number of other tissues 
also may be involved (Felsenfeld, 1965; Barbour 
and Hayes, 1986b; Pachner, 1986; Garcia-Monco 
and Benach, 1995). In this respect, the multisys- 
temic nature of the relapsing fevers is similar to 
infections with other pathogenic spirochetes (i.e., 
B. burgdorferi, Treponema pallidum (see The 
Genus Treponema in this Volume), and Lep- 
tospira interrogans (see The Genus Leptospira in 
this Volume). Patients with TBRF may exhibit 
symptoms of ocular involvement, including iritis, 
cyclitis, choroiditis and optic neuritis (Falcone, 
1952; Cadavid and Barbour, 1998). In such cases, 
vision can rapidly deteriorate, leaving most 
patients with residual visual defects (Quin and 
Perkins, 1946; Bergeret and Raoult, 1948). Ocu- 
lar disease has also been associated with relapse 
episodes (Hamilton, 1943; Falcone, 1952). Ocular 
complications are most frequently associated 
with relapsing fevers due to B. duttonii, B. his- 
panica and B. turicatae (Cadavid and Barbour, 
1998). 

The frequency of neurological involvement 
(i.e., lymphocytic meningitis and peripheral 
facial palsy, crossing of the blood-brain barrier. 




Relapsing fever 



and persistence in brain tissue) in this disease is 
similar to that of Lyme disease (Reik et al., 1979; 
Pachner et al., 1989; Cadavid and Barbour, 1998; 
Table 4). Spirochetes have been observed by sil- 
ver stain within the cerebral microvasculature 
and interstitial spaces and between neurons and 
glia of autopsied TBRF patients (Buschke and 
Kroo, 1922; Martmez-Baez and Villasana, 1945). 
No spirochetes were observed within the brain 
cells themselves (Lavaditi et al., 1929), a finding 
which is consistent with the extracellular nature 
of these pathogens. The relapsing fever spiro- 
chetes, however, have differing abilities to 
invade and persist in brain tissue. Borrelia dutto- 
nii, B. crocidurae and B. hispanica were able to 
infect the brains of all mammalian hosts exam- 
ined (Cadavid and Barbour, 1998). In contrast, 
B. recurrentis infected the brains of primates 
(Garnham et al., 1947), but not the brains of mice 
(Sparrow, 1956). These differences may be due, 
in part or in whole, to the expression of particu- 
lar variable membrane proteins (i.e., VspA, see 
“Antigenic Variation”), some of which have 
been associated with the increased central ner- 
vous system (CNS) involvement and neurobor- 
reliosis (Cadavid et al., 1997; Cadavid and 
Barbour, 1998). 

Although neurological involvement is rare 
during LBRF, edema and subarachnoid and 
parenchymal brain hemorrhages were consis- 
tently observed during the autopsy of patients 
who succumbed to infection (Belezky and 
Umanskaja, 1930; Anderson and Zimmerman, 
1955; Judge et al., 1974; Salih et al., 1977; Ahmed 
et al., 1980). No ocular involvement has been 
reported in patients with LBRF. 

As the geographical distribution of cases of 
TBRF and Lyme disease (Fig. 15) begin to over- 
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EM Lesions Images 

Fig. 20. Examples of early erythema migrans (EM). Left, an example of a typical EM rash with a central zone of clearing 
(visible 18 cm in cross diameter) was present on the right iliac crest of a 25-year-old Connecticut man. Image was taken 10 
days after initial detection. Image kindly provided by Juan Salazar, M.D., University of Connecticut Health Center. Right, 
an example of an intensely erythematous rash (15 cm in cross diameter) over the dorsum of the right thigh of a 32-year-old 
Texas man who most likely contracted Lyme disease while on vacation in Connecticut. The image shown was taken 4 days 
after initial detection. Image kindly provided by Timothy Sellati, Ph.D., University of Connecticut Health Center. 



Table 4. Comparison of tick-borne relapsing fever (TBRF), louse-borne relapsing fever (LBRF), and Lyme disease. 



Characteristics 


TBRF 


LBRF 


Lyme disease 


Agent 


Several species 


B. recurrentis 


B. burgdorferi sensu lato" 


Vector 


Ornithodoros spp. (soft tick) 


Pediculus humanus 
(human body louse) 


Ixodes spp. (hard tick) 


Usual reservoir 


Rodents'" 


Humans 


Rodents 


Epidemiology 


Endemic 


Epidemic 


Endemic 


Distribution 


Tropical and temperate regions East Africa'' 


North America, Eurasia 


In vitro cultivation 


Yes 


Yes*' 


Yes 


Fever (temperature >39°C) 


Common 


Common 


Rare 


Fever relapses 


Multiple 


Few 


None 


Neurological involvement 


Common® 


Rare 


Common 


Local skin rash 


No 


No 


Common (EM^) 


Arthritis 


No 


No 


Common 


Spirochetes on blood smear 


Yes 


Yes 


No 


Serological assay specificity 


Fair to poor 


Fair to poor 


Good to excellent 


Antibiotic therapy 


Several doses 


Single or few doses 


Several doses 


Jarisch-Herxheimer reaction 


Moderate 


Moderate to severe 


Mild 



''Included are B. burgdorferi sensu stricto, B. afzelii, and B. garinii. 

^The reservoir for B. duttonii in some locations may be humans. 

‘'LBRF has a potential worldwide distribution because of association with human body louse. 
^In vitro cultivation of B. recurrentis has been reported (Cutler et al., 1999). 

^Common in >10% of patients with disseminated disease. 

^Erythema migrans. Fig. 20. 



lap, an underappreciation of the frequency of 
neurological (and ocular) involvement during 
TBRF could result in this disease being misdiag- 
nosed as Lyme disease, or vice versa, in areas 
where both diseases are found (Barbour et al, 
1996a). These two diseases, however, may be 
readily distinguishable in some cases by the 
presence of spirochetes at a density sufficiently 



high enough as to be visible in the blood during 
a febrile episode or by a temperature above 
38°C (hallmarks of relapsing fever) or by the 
presence of a localized EM lesion (a hallmark of 
early Lyme (Borreliosis) Disease; Fig. 20). 
Molecular and serological techniques can be 
used to definitively differentiate between these 
Borrelia spp. 
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Lyme (Borreliosis) Disease 

Lyme disease is a multisystem illness that prima- 
rily affects the skin, nervous system, heart and 
joints (Steer e, 1989). The hallmark skin lesion 
of Lyme disease, erythema migrans, was first 
described in Europe in 1908 (Afzelius, 1921) and 
in the United States in 1969 (Scrimenti, 1970). 
The disease was brought to the attention of the 
medical community in the United States as the 
result of an outbreak of arthritis in adults and 
children in Lyme, Connecticut, United States, 
and the adjacent communities of Old Lyme and 
East Haddam. The resulting epidemiological and 
clinical investigations led to the identification of 
a new disease entity, Lyme disease (Steere et al., 
1977). The causative agent of Lyme disease was 
first described by Willy Burgdorfer and col- 
leagues in 1982, and the species bears his name, 
Borrelia burgdorferi (Burgdorfer et al., 1982; 
Burgdorfer et al., 1991; Burgdorfer et al., 1993). 
For an excellent review of Lyme borreliosis, see 
Steere (1998a). 

Lyme disease can be divided into early and 
late infection (Table 5). Approximately seven to 
nine days following the initial tick bite, the early 
(localized) infection is marked by the pathogno- 
monic skin lesion, erythema migrans (in 60-90% 
of patients; Fig. 20), and is accompanied by fever, 
regional lymphadenopathy, or minor constitu- 
tional symptoms (Steere, 1989). 

The EM lesions (Fig. 20) usually fade within 
three to four weeks, even when untreated, but 
they may recur at secondary sites coincidental or 
distal to the initial EM lesion. Weeks to months 
later (disseminated disease), patients may 
develop meningoencephalitis. Bell’s palsy, myo- 
carditis, migrating musculoskeletal pain and 
intermittent attacks of arthritis, especially in the 
large joints such as the knee. As the infection 
progresses (late or persistent infection), the epi- 
sodes of arthritis last for months rather than 
weeks. Also, syndromes of both the central and 
peripheral nervous system may occur more than 
a year after the initial infection. Persistent infec- 
tions in Lyme disease may also develop as acro- 
dermatitis chronicum atrophicans (AC A), the 
late skin manifestation of the disease, which has 
primarily been observed in Europe (Asbrink and 
Hovmark, 1988; Kaufman et al., 1989). The skin 
lesion typically begins as a bluish-red discolora- 
tion of swollen skin on an extremity. This lesion 
may occur at an earlier site of EM. The infiam- 
matory stage of ACA may persist for years or 
decades and may lead to atrophy of the skin. 
Transplacental transmission of B. burgdorferi has 
been reported; however, congenital infection 
with adverse outcome, such as perinatal death, 
appears to be unusual (Schlesinger et al., 1985; 
Weber et al., 1988). 



Since Lyme disease is not a notifiable disease 
in Europe, the knowledge of the epidemiological 
features of this illness in this region is limited. 
One extensive study of Lyme borreliosis in 
southern Sweden, however, does represent an 
excellent source for reliable epidemiologic (see 
Epidemiology) and clinical data for this disease 
(Berglund et al., 1995). The most frequent clini- 
cal manifestation (Table 5) was EM (seen in 77% 
of all cases; Fig. 20), followed by neuroborreliosis 
(16%) and arthritis (7%). With the exception of 
a slightly lower rate of carditis (0.5-4%), the pat- 
tern of disease found in this study was similar to 
that reported in the United States. 

After the first several weeks of infection, most 
patients have a positive antibody response to the 
spirochete. The specific immunoglobulin (Ig)M 
response is detectable after the third week and 
peaks after 6-8 weeks (Steere et al., 1983). The 
B. burgdorferi-spQcific IgG response peaks dur- 
ing the second to third month of infection and 
may persist for years. Since the direct visualiza- 
tion and culture of B. burgdorferi from patient 
specimens are difficult, serologic determinations 
are currently the most practical mode of labo- 
ratory diagnosis. False negative results occur 
early in the disease, whereas false positives may 
occur in patients with a variety of other diseases, 
including syphilis. Rocky Mountain spotted 
fever, autoimmune disease, and neurologic 
disorders. Differential diagnosis is most often 
made using the CDC surveillance case definition 
(http://www.cdc.gov/ncidod/dvbid/casedef2.htm) 
as a guide. If Lyme disease is suspected in an 
endemic area, patients are often started on anti- 
biotic therapy based solely on the presence of an 
EM rash (5 cm in diameter; Fig. 20) and/or a 
history of a recent ixodid tick bite accompanied 
by one or more of the early Lyme disease symp- 
toms outlined by the CDC surveillance case 
definition. 

Borrelia Genotype and Pathogenesis 

Currently, all borreliae capable of causing Lyme 
disease are members of the B. burgdorferi sensu 
lato complex that is comprised of ten different 
Borrelia genospecies (Wang et al., 1999; Table 2). 
North American isolates are limited primarily to 
B. burgdorferi sensu stricto, whereas B. garinii 
and B. afzelii isolates, in addition to B. burgdor- 
feri sensu stricto, are responsible for the majority 
of cases of Lyme disease in Europe (Table 2). 
These latter genospecies are more often associ- 
ated with neuroborreliosis {B. garinii; van Dam 
et al., 1993; Lebech et al., 1994; Wilske et al., 
1996; Marconi et al., 1999; Cauwels et al., 2001) 
and chronic skin manifestations (i.e., ACA; B. 
afzelii; van Dam et al., 1993; Wienecke et al., 
1994; Strle et al., 1996; Picken et al., 1998; 
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Table 5. Major clinical manifestations of Lyme borreliosis in North America and Europe. 



Stage"" 


Cfinicaf feature^ 


Incidence in: 
North America"" 


Europe"^ 


I 


Early local infection 
EM 


Common (60-90%) 


Common (-77%) 




Tick bite recaUed 


25% 


64% 




Centrai cfearing of EM 


35% 


68% 




Systemic symptoms 


50-69% 


38-51% 


II 


Early disseminated infection 
Multipie EM 


Common (>18%) 


Unusual (6%) 




Neuroborreliosis 


Common (10-20%) 


Common (16-80%) 




Meningoradiculitis 


3-21% 


37-61% 




Meningitis 


2-17% 


4-27% 




Carditis 


0.5-10% 


0.5-4% 




Borrelial lymphocytoma 


Rare 


Well documented (3%) 


III 


Eate LB 
Lyme arthritis 


Common (51-57%) 


Uncommon (-7%) 




ACA 


Rare 


Well documented (3%) 




Peripheral neuropathy 


30-70% late NB 


40-63% ACA patients 




CNS involvement 


Well documented 


<9% 




Encephalomyelitis 


Rare (0.1%) 


4-6% 




Menigencephalitis 


9% 


0.5-4% 



""Stages of the clinical features are those of Steere (Steere, 1989, ID: 185). 

‘’NB, neuroborreliosis; CNS, central nervous system. 

""Data were mainly on an earlier report by the Centers for Disease Control and Prevention on LB surveillance from 1984- 
1986 (Ciesielski, Markowitz, et al., 1989, ID: 4217) and a population-based study in children in Southern Connecticut (Gerber, 
Shapiro, et al., 1996, ID: 11924), except for those indicated specifically. 

"^Data were based mainly on a population-based study in Southern Sweden (Berglund, Eitrem, et al., 1995, ID: 9264), except 
for those indicated specifically. 

^Data were based on 76 American (Nadelman, Nowakowski, et al., 1996, ID: 12196) and 231 European (Strle, Nelson, et al., 
1996, ID: 19085) culture-confirmed patients with EM. 

^B patients were used as denominator to calculate the relative prevalence. European data were based on data from 330 NB 
cases from Germany (Oschmann, Dorndorf, et al., 1998, ID: 19084) and 176 NB cases from Denmark (Hansen & Lebech, 
1992, ID: 6973). 

^A recent population-based study showed that only 7% of children with LB developed Lyme arthritis (Gerber, Shapiro, 
et al., 1996, ID: 11924). About 10% of patients with Lyme arthritis may develop chronic antibiotic treatment-resistant arthritis 
(Gross, Forsthuber, et al., 1998, ID: 14570). 



Cauwels et al, 2001). Lyme arthritis, first 
described in the United States, is still more com- 
monly reported in North American cases of 
Lyme disease (Steere et al, 1983; Table 5), where 
the causative agent is B. burgdorferi sensu stricto 
isolates, than in European cases, where Lyme 
disease is attributed to the much more heteroge- 
neous B. burgdorferi sensu lato complex. The 
reverse, however, is true for ACA, which is fairly 
common in Europe, but rarely seen in North 
America (Table 5). 

For Lyme disease in North America, a corre- 
lation between B. burgdorferi sensu stricto gen- 
otypes and clinical manifestations is not as clear 
as it is for B. afzelii (ACA) and B. garinii (neu- 
roborreliosis) in Europe. Two recent studies 
present evidence suggesting that genetic hete- 
rogeneity within B. burgdorferi sensu stricto 
isolates in North America may influence inva- 
siveness and pathogenicity. In the first study, 
Seinost et al. (1999) examined 140 B. burgdorferi 



strains isolated from primary EM lesions, blood 
and CSF from patients seen at the Lyme Disease 
Center at Stony Brook, New York, the Lyme 
Disease Diagnostic Center at New York Medical 
College, or at local private physicians. Strains 
were geno typed according to their ospC alleles 
using a combination of PCR and cold single- 
strand conformation polymorphism (SSCP) ana- 
lysis, a method that gave 100% sensitivity and 
specificity when comparing alleles. Additional 
samples were obtained by analyzing spirochetes 
present in locally collected I. scapularis ticks. 
Twenty-two additional alleles were added from 
sequences present in GenBank. The authors 
concluded 1) that some B. burgdorferi sensu 
stricto isolates rarely, if ever, cause disease in 
humans, 2) that some B. burgdorferi sensu stricto 
isolates cause a local infection at the tick bite site 
but not systemic disease, and 3) that systemic B. 
burgdorferi sensu stricto infections are associ- 
ated with four ospC groups. It is not clear, how- 
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ever, whether ospC is directly influencing 
pathogenicity or serving as a marker for other, 
probably unlinked, determinants of invasiveness. 
Independent work by Baranton et al. (2001), 
examining genetic diversity of ospC loci in Euro- 
pean isolates of B. afzelii and B. garinii, also 
came to a similar conclusion. 

The second study (Wormser et al., 1999) 
examined the correlation between genetic sub- 
types and hematogenous dissemination in 104 
untreated patients with EM. In this study, the 
authors used restriction length polymorphism 
(RFLP) methodology to compare the B. burg- 
dorferi sensu stricto 16S-23S rDNA spacer 
region of spirochetes cultured from EM skin 
biopsies, whole blood, serum and plasma. 
Results from this study suggest that the genetic 
subtype of the infecting strain in the skin is a 
major determinant of the risk for hematogenous 
dissemination. The continued characterization of 
genetic markers associated with different sub- 
types of B. burgdorferi sensu stricto is likely to 
further our understanding of the relationship 
between genotype and the clinical presentations 
of patients with Lyme disease. Additionally, a 
clearer understanding of the genotypes respon- 
sible for disseminated infection in humans may 
facilitate the selection of novel vaccine candi- 
dates by identifying antigenic targets common to 
these isolates that might be essential to their sur- 
vival and maintenance in the mammalian host. 



Differential Gene Expression in Borrelia 

To be maintained in its enzootic life cycle, bor- 
reliae must adapt to two strikingly different 
environments, the arthropod vector and the 
mammalian host. It is, therefore, not surprising 
that this bacterium undergoes extensive changes 
in protein composition as it cycles between these 
two hosts (de Silva and Fikrig, 1997). An exten- 
sive amount of work during the past several 
years has been devoted to elucidating the phe- 
nomenon of differential gene expression. 

Reciprocal Expression of OspA and OspC 

The best studied example of differential gene 
expression by B. burgdorferi involves the synthe- 
sis of outer surface protein A (OspA) and C 
(OspC) during tick feeding. In a pioneering 
study (http://www.niaid.nih.gov/dir/labs/lmsf. 
htm), Schwan et al. (1995) observed that B. burg- 
dorferi, when present in the midguts of unfed 
ticks, expressed large amounts of OspA and little 
to no OspC. When infected ticks were allowed to 
feed on a suitable mammalian host (i.e., mice), 
spirochetes within the tick midgut downregu- 
lated the expression of OspA and expressed sub- 



stantial amounts of OspC. Although increased 
temperature (tick versus mammal) has been 
shown to be involved in this expression-pattern 
(see “Environmental Signals as Gene Regula- 
tors”), upregulation of OspC independent of 
temperature was recently demonstrated by the 
in vitro incubation of spirochetes at 28°C in the 
presence of tick hemolymph plasma (Johns et al., 

2000) , suggesting that expression of OspC is 
enhanced by, but does not require, increased 
temperature. These data are supported by stud- 
ies examining the expression of ospA and ospC 
mRNA by RT-PCR (Montgomery et al., 1996) 
and the production of antibodies against OspA 
and OspC during early murine (Montgomery et 
al., 1996) and human Lyme borreliosis. 

Recent advances in elucidating the potential 
roles for OspA and OspC in Lyme disease patho- 
genesis were provided by the publication of the 
crystal structures (Fig. 21) of these lipoproteins 
(Li et al., 1997; Eicken et al., 2001; Kumaran 
et al., 2001). These structures are also of partic- 
ular interest as OspA is the antigen on which the 
current Lyme disease vaccine is based, while 
OspC is considered a highly promising candidate 
for the next generation of Lyme disease vaccine. 
The OspA protein displays an unusual, elon- 
gated fold composed of 21 consecutive antipar- 
allel p-strands connected by turns or short loops 
followed by a single short a-helix (Fig. 21). The 
presence of a cavity and partially buried charged 
residues with the cleft suggests that the C- 
terminal domain of OspA might be a binding site 
for a negatively charged or hydrophobic ligand, 
small peptide, linear polysaccharide, or exposed 
protein loop (Li et al., 1997). In contrast to 
OspA, OspC is comprised of four long helices 
plus a short fifth helix (Eicken et al., 2001; 
Kumaran et al., 2001; Fig. 21). An elongated, 
kidney-shaped OspC dimer (Fig. 21) is thought 
to form through hydrophobic interactions prima- 
rily between the al and al’ helices on two OspC 
monomers. While OspA has no known structural 
homologs, OspC has similarity to the periplasmic 
domain of the Salmonella aspartate receptor 
(AR), which is also a dimer. Interestingly, when 
the crystal structures (Fig. 21) of the OspCs from 
the HB19 and B31 (both invasive strains) were 
used to model the structures of noninvasive iso- 
lates (Seinost et al., 1999), notable differences 
were detected in the electrostatic surface poten- 
tial of the region of OspC furthest away from the 
surface of the membrane; the surface potential is 
highly negative in the invasive strains, but not so 
for the noninvasive strains (Kumaran et al., 

2001) . The authors speculate that this region’s 
interaction with a positively charged ligand, such 
as fibronectin (see “Decorin- and Fibronectin- 
binding Proteins”) or a similar molecule, might 
play a role in the pathogenesis of Lyme disease 
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Fig. 21. Crystal structure of OspA and OspC. Left, schematic view of the OspA-Fab 184.1 complex. OspA is displayed with 
its secondary structural elements, (3-strands (cyan, numbered 1-21) and a-helix (magenta, labeled), connected by gray turns 
or loops. The front face of the central sheet is seen in this view. Fab 184.1 is represented by violet and green ribbons for the 
light and heavy chains, respectively. The three complementarity determining region (CDR) loops on each chain are displayed 
as thin ropes and labeled (e.g., LI for CDRl of the light chain). Image was taken from Li et al. (1997), © 1997, National 
Academy of Sciences, with permission. Right, RIBBONS representation of the OspC-HB19 dimer. The two monomers are 
colored red and green, respectively. The close proximity of the two innermost helices indicates that it is a tight dimer. Image 
taken from Kumaran et al. (2001) and reproduced by permission of Oxford University Press. 



(Kumaran et al, 2001). This finding also has sig- 
nificant implications for the development of an 
OspC-based vaccine, which is tailored towards 
recognition of those (invasive) strains that are 
more likely to cause disseminated disease (see 
“Lyme Disease Vaccine”). 

Both OspA and OspC are thought to play crit- 
ical roles in the transmission of B. burgdorferi 
from the tick to the mammalian host. Two 
domains within the N40 OspA (amino acids [aa] 
85-103 and aa 229-247) were recently identified 
and proposed to contain functional binding sites 
responsible for the adherence of spirochetes to 
the tick midgut (Pal et al., 2000). Consistent with 
this proposed binding activity, the location of 
one of these domains (229-247) is predicted by 
the OspA crystal structure (Fig. 21) data men- 
tioned above to be within the putative ligand 
binding domain. The role of OspC in the trans- 
mission process is unclear. A recent study sug- 
gests that this lipoprotein plays a role in the 
transmission of spirochetes from tick to mam- 
mal, but not from mammal to tick (Schwan and 
Piesman, 2000). A second report demonstrated 
that immunization with OspC significantly 
reduced the migration of Borrelia from the mid- 



gut to the salivary glands of infected 7. scapularis 
ticks (Gilmore and Piesman, 2000). These data 
are consistent with numerous studies demon- 
strating a role for OspC antibodies in the 
protection of laboratory animals against tick 
transmission using both passive and active 
immunization (Gilmore et al., 1996; Mbow et al., 
1999; Zhong et al., 1999). 

Recent work by Ohnishi and coworkers 
(Ohnishi et al., 2001), in which the authors exam- 
ined the temporal expression patterns of OspA 
and OspC in both ticks and the skin adjacent to 
the feeding site in a murine model of Lyme dis- 
ease, suggests that the relationship between 
OspA and OspC expression patterns is perhaps 
even more complex than initially envisioned. 
Results from these studies demonstrate that the 
complete downregulation of OspA and the 
expression of OspC are not required for migra- 
tion of spirochetes from the midgut to the sali- 
vary glands. In fact, OspC was not expressed by 
a significant percentage of spirochetes in the 
salivary glands until feeding had progressed for 
>61 hours. This coincided with the time required 
to consistently transmit the spirochetes and 
establish infection. The authors also noted that 
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early during transmission, mice with spirochetes 
detectable in the skin directly adjacent to the bite 
site, expressing mostly OspA compared to OspC, 
failed to develop infection. In contrast, those 
mice that had spirochetes expressing higher 
levels of OspC and reduced OspA consistently 
became infected. From these data (combined 
with other studies described above), Ohnishi et 
al. suggest a model by which spirochetes are 
retained in the midgut by OspA-mediated adher- 
ence until such time as they are adequately 
“adapted” for migration from the gut lumen to 
the hemocele and salivary glands by an OspC- 
facilitated process. Once they have exited the 
midgut, spirochetes appear to downregulate the 
expression of OspC, as well as continue to down- 
regulate OspA. In some instances, however, 
spirochetes (OspAVOspC”) are apparently “mis- 
localized” to the salivary glands and/or prema- 
turely transmitted to the host before being fully 
“adapted”; these spirochetes fail to establish 
infection in the mammalian host. This model also 
suggests that the transmission of B. burgdorferi 
from the arthropod to mammalian host may 
occur in a steady wave of spirochetes over an 
extended period (days). These studies also dem- 
onstrate that the signal(s) responsible for the 
temporal expression patterns of OspA and OspC 
(and most likely other Osps) are clearly complex 
and likely to include stimuli from both the 
arthropod and mammalian hosts. 



OspE/OspF/Elp Lipoproteins 

In addition to the B. burgdorferi OspA and 
OspC lipoproteins (see “Reciprocal Expression 
of OspA and OspC”), a second group of differ- 
entially expressed proteins, the OspE/OspF/Elp 
lipoproteins, has garnered much interest in the 
Borrelia field. For a recent review of this family 
of cp32-encoded lipoproteins, see Stevenson 
et al. (2000a). These lipoproteins were once all 
considered as one large group of related lipopro- 
teins and referred to by a generic term, “Erp” 
(OspE/F-related proteins), in the B31 strain 
(Stevenson et al., 1996; Casjens et al., 2000). A 
more comprehensive analysis has revealed that 
the similarities among these proteins are largely 
restricted to their leader peptides, whereas the 
mature portions of the polypeptides actually fall 
into three evolutionary distinct groups: 1) OspE- 
related orthologs, 2) OspF-related orthologs, and 
3) Elps, which contain OspE/F-like leader pep- 
tides, but are otherwise unrelated to both OspE 
and OspF (Akins et al., 1999; Caimano et al., 
2000). It is likely that this family of lipoproteins 
arose from a series of gene fusion events in which 
a common N-terminus was fused upstream of 
otherwise unrelated sequences. The resulting 



fusions formed the progenitors for each of the 
three groups of OspE, OspF, and Elp lipopro- 
teins, each of which underwent subsequent 
genetic polymorphisms to form the family of 
lipoproteins (Fig. 22). In addition to their group 
designations, members of this larger family of 
lipoproteins have been referred to by a variety 
of names in the literature, including p21, pG, 
BbK2.10, BbK2.11, and “upstream homology 
box” (UHB) lipoproteins (Lam et al., 1994; 
Akins et al., 1995; Akins et al., 1999; Suk et al., 
1995; Wallich et al., 1995; Marconi et al., 1996a). 

The genes encoding all members of this family 
are encoded on 32- or 18-kb supercoiled circular 
plasmids (referred to collectively as “cp32s”; 
see “The cp32 Family of Supercoiled Circular 
Plasmids”) as either mono- or bicistronic oper- 
ons. The first member of this family shown to be 
differentially expressed was the p21 lipoprotein, 
identified within a Borrelia expression library as 
an antigen recognized by sera from infected mice 
but not by sera from mice immunized with in 
vitro-cultivated, killed spirochetes (Suk et al., 
1995). A number of additional proteins within 
this family, pG, BbK2.10 and ElpAl, from sev- 
eral different strains have since been charac- 
terized as “in vivo-expressed” antigens (i.e., 
proteins selectively expressed during infection 
but not by spirochetes grown in artificial 
medium; Akins et al., 1995; Wallich et al., 1995; 
Hefty et al., 2001). The remaining OspE/OspF/ 
Elp lipoproteins have all shown to be expressed 
both in vitro and within the mammalian host 
(Akins et al., 1995; Akins et al., 1998; Stevenson 
et al., 1998a; Hefty et al., 2001). Recently, Hefty 
et al. (2001) performed a comprehensive study 
of the OspE/OspF/Elp family in B. burgdorferi 
strain 297, which suggested that the differential 
patterns of antigen expression observed during 
tick feeding and mammalian infection might rep- 
resent a temporal hierarchy in which proteins are 
expressed sequentially as the spirochetes adapt 
in preparation for the transmission from arth- 
ropod to mammal. An examination of the 
upstream promoter regions has revealed that 
although this region (upstream homology box, 
UHB) is highly conserved among all of the ospEI 
ospFlelplerp genes (Marconi et al., 1996b; Hefty 
et al., 2001), sequence polymorphisms (inser- 
tions/deletions and transitions/transversions) 
were present (Fig. 23). The majority of these 
differences were in the putative -10 and -35 
hexamers and spacer region between (Hefty 
et al., 2001); these regions are all known to be 
critical for RNA polymerase recognition and 
binding in prokaryotes. A comparative (phylo- 
genetic) analysis of the ospE! ospFlelplerp pro- 
moter regions (Fig. 23) demonstrated that 
these regions do not segregate according to their 
polypeptide-encoding regions, but instead 
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Osp tree 

Fig. 22. Unrooted neighbor-joining phylograms of the B. burgdorferi strains 297 and B31 OspE/OspF/Elp/Erp lipoproteins. 
Taken from Caimano et al. (2000), with permission of ASM Press (http://www.journals.asm.org). 



appear to segregate according to their temporal 
expression pattern. These data suggest that 
minor sequence differences between the promot- 
ers may result in altered affinity of RNA poly- 
merase and/or altered expression under different 
environmental conditions (Hefty et al., 2001). 

Mlp Lipoproteins 

In addition to the ospElospFlelplerp loci (see 
“OspE/OspF/Elp Lipoproteins”), the cp32/18 
family of circular plasmids encodes a second 
variable lipoprotein family, the mlp loci (Porcella 
et al., 1996; Yang et al., 1999; Porcella et al., 2000; 
Stevenson et al., 2000b). This family is comprised 
of two evolutionarily distinct classes that possess 
highly similar N- termini but divergent C- termini 
(Caimano et al., 2000; Fig. 24). The recombina- 



torial process that resulted in the formation of 
these two lipoprotein classes is likely to be mech- 
anistically similar to that of the process respon- 
sible for the formation of the OspE/OspF/Elp 
family (see “OspE/OspF/Elp Lipoproteins”) of 
lipoproteins (Caimano et al., 2000). Four of the 
strain 297 Mips (MlpVA, MlpVB, Mlp9 and 
MlplO) were shown to be preferentially 
expressed within a mammalian model (Akins et 
al., 1998; Yang et al., 1999). Immunoblotting 
using antiserum from tick-infected C3H/HeJ 
mouse serum suggests that the strain 297 Mlp 
lipoproteins are not all expressed early in infec- 
tion, but may be turned on in a temporal pattern 
as the spirochetes transition from the arthropod 
vector to first the skin and then other tissues of 
the mammalian host (Yang et al., 1999). Prelim- 
inary protection studies using a multivalent for- 
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Fig. 23. Borrelia burgdorferi strain 
297 ospElospFlelplerp loci promoter 
regions. (A) Phenogram analysis of 
the upstream 85 bp of the putative 
promoter regions for the ospE- 
related, ospE-mXdX&d, and elp loci 
(left panel). For comparison, a phe- 
nogram of the full-length lipopro- 
teins is also shown (right panel). 
(B) Clustal W alignment analysis of 
the upstream 85 bp of the putative 
promoter regions for the ospE- 
related, 6>>ypF-related, and elp loci. 
Taken from Hefty et al. (2001), with 
permission of ASM Press (http:// 
WWW.] ournals. asm. org) . 
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mulation of the Class 2 Mips from strain 297 as 
the immunogen gave rise to 80% protection of 
mice (Yang et al., 1999). Immunoblotting using 
sera from Lyme disease patients also confirms 
that members of this family are expressed during 
human infection (Porcella et al., 2000). While 
preliminary, these data suggest that this family of 
lipoproteins may have some vaccinogenic poten- 
tial that warrants further consideration (Yang 
et al., 1999). 

Decorin- and Fibronectin-binding Proteins 

The mechanism(s) by which borreliae are able to 
disseminate following transmission from the 
arthropod vector to cause a multisystemic infec- 



tion in the mammalian host remain largely 
unknown. The recent identification of two 
B. burgdorferi proteins, DbpA and DbpB, which 
have the ability to bind decorin (a collagen- 
associated extracellular matrix proteoglycan 
found in skin and other tissues), represented a 
significant step towards characterization of the 
early stage of Lyme disease (Table 5), as the 
spirochete first enters the mammalian host 
through the site of tick feeding (Cassatt et al., 
1998; Hagman et al., 1998; Hanson et al., 1998). 
Based on their ability to interact specifically 
with extracellular matrix components, these 
molecules have been placed within a class of 
cell surface adhesins designated “MSCRAMMs” 
(microbial surface components recognizing 
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adhesive matrix molecules; Patti et al, 1994). 
Interestingly, neither dhpA nor dhpB was 
detected in B. hermsii, B. turicatae or B. cori- 
aceae by Southern hybridization (Roberts et al, 
1998). Data from proteinase K sensitivity assays 
(DbpA and DbpB) and immunoelectron micros- 
copy (DbpA) suggest that these proteins are 
surface-exposed, a location consistent with their 
putative role in adherence to basement mem- 
brane (Hagman et al., 1998; Hanson et al, 1998). 
Brown et al. (1999) have identified three highly 
conserved lysine residues (Lys-82, Lys-163 and 
Lys-170), found in all DbpA polypeptide 
sequences examined, and all appear to be critical 
for association with decorin. Several studies 
have shown that immunization with DbpA, but 
not DbpB, protects mice against syringe 
inoculation (Cassatt et al., 1998; Feng et al., 
1998; Hagman et al., 1998; Hanson et al., 1998), 
although DbpA-immunized mice were not pro- 
tected when inoculated by tick infestation (Hag- 
man et al., 2000). A role for decorin in Lyme 
disease pathogenesis was recently demonstrated 
using a decorin-deficient transgenic mouse 
(Brown et al., 2001). In these studies, decorin- 
deficient mice were more resistant to infection 
with B. burgdorferi (i.e., fewer spirochetes were 
found in joints) and showed lower incidence and 
severity of arthritis than either wildtype or 
heterozygotes. 

A second differentially expressed protein with 
a potential role in spirochetal attachment to 
extracellular matrix (Probert and Johnson, 1998) 
is the fibronectin-binding protein, BBK32; this 
protein has also been referred to as P35 and P47 
(Fikrig et al., 1997; Fikrig et al., 2000; Probert 
and Johnson, 1998). The BBK32 protein was ini- 
tially thought to be expressed only within the 
mammalian host (Fikrig et al., 1997), but this 
later was shown to be a stain-specific phenome- 
non, with some B. burgdorferi sensu lato isolates 
(B31, 297, ACAl and IP3) expressing detectable 
amounts of BBK32 when cultivated in BSK II 
(Table 3) medium (Probert and Johnson, 1998). 
A comprehensive analysis of bbk32 expression 
in B. burgdorferi strain N40 (which preferentially 
synthesizes BBK32 during murine and human 
Lyme disease) was performed by Fikrig et al. 
(2000) to elucidate what, if any, role this protein 
plays in tick transmission and/or mammalian 
infection. The results from these studies demon- 
strated that 1) BBK32 was not detectable by 
immunofluorescence on spirochetes within flat 
ticks, but was present on spirochetes within the 
engorged ticks, 2) bbk32 mRNA was first 
detected two days following syringe inoculation 
and was maximal at 30 days postinfection, 3) 
bbk32 message was detectable in all tissues 
tested (skin, joints, heart, spleen and bladder) at 
14 days postinfection and remained detectable 



for 60 days, albeit at a significantly reduced level, 
and 4) BBK32 antibodies provided partial pro- 
tection from tick infection with B. burgdorferi (in 
a guinea pig model) by killing the spirochetes 
within the engorged tick, thereby inhibiting the 
transmission of spirochetes to an immunized ani- 
mal host (Fikrig et al., 2000). 

Environmental Signals as Gene Regulators 

A major theme in microbial pathogenesis is the 
effect of environmental signals on bacterial gene 
expression. To be maintained within its enzootic 
cycle, borreliae must possess the ability to adapt 
to growth within two strikingly different milieus, 
the arthropod vector and the mammalian host. 
During this cycle, the spirochete is likely to 
encounter differences in, among other things, 
nutrients, temperature and pH. One of the best- 
studied environmental conditions is tempera- 
ture. Increased temperature has been associated 
with increased expression of OspC (see “Recip- 
rocal Expression of OspA and OspC”), OppAV 
(Bono et al., 1998; see “Transporters”), and 
the OspE/OspF/Elp (Stevenson et al., 1995; 
Stevenson et al., 1998a; Hefty et al., 2001; see 
“OspE/OspF/Elp Lipoproteins”) and Mlp 
(Porcella et al., 2000; Yang et al., 2000; see “Mlp 
Lipoproteins”) lipoprotein families. Several lines 
of evidence, however, suggest that temperature 
alone is not solely responsible for the increased 
expression of these lipoproteins. The incubation 
of unfed B. burgdorferi-infQctQd I. scapularis 
nymphs at 37°C for 24, 72 or 144 hours did not 
stimulate expression of OspC (Schwan et al., 
1995). In addition, the expression of OspC has 
been shown to wane with continued passage in 
vitro at 37°C (Schwan and Piesman, 2000). Sim- 
ilarly, a number of observations have been made 
on the expression of the OspE/OspF/Elp lipo- 
proteins: 1) expression in a mammalian host- 
adaptation model is significantly greater than the 
levels observed in spirochetes cultivated in vitro 
following a temperature shift from 23 to 37°C 
(Akins et al., 1998), 2) the p21 lipoprotein (see 
“OspE/OspF/Elp Lipoproteins”), which is not 
expressed in vitro following temperature shift, is 
readily detected in a mammalian host-adaptation 
model (Akins et al., 1998), and 3) animals 
infected by either tick- or needle-inoculation 
with B. burgdorferi produce antibodies against 
p21 (see “OspE/OspF/Elp Lipoproteins”) and 
BbK2.10 early during infection, but these sera 
fail to detect these lipoproteins in spirochetes 
cultivated in vitro following temperature shift 
(Wallich et al., 1993; Akins et al., 1995; Akins 
et al., 1998; Suk et al., 1995; Das et al., 1997). The 
expression pattern of the Mlp lipoproteins family 
has been examined in two strains, B31 and 297. 
Using Northern analyses (Porcella et al., 2000) 
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and RT-PCR (Yang et al., 1999), little or no mlp 
expression was seen at 23°C, whereas all were 
shown to be upregulated in response to temper- 
ature. A number of environmental factors other 
than temperature also have been shown to result 
in differential gene expression in B. burgdorferi. 
Alban et al. (2000) examined the effects of 
serum starvation in B. burgdorferi (grown in 
RPMI). This study reported that growth of Bor- 
relia under this fatty acid- and lipid-limited 
growth condition resulted in the formation of 
cysts-like “starvation” forms containing nonmo- 
tile, but otherwise intact and viable spirochetes, 
which rapidly revert to a “vegetative” form when 
transferred to BSK II (Table 3) medium. In addi- 
tion, the expression of approximately 20 proteins 
was induced during growth in RPMI as com- 
pared to B. burgdorferi grown in BSK II (Table 
3) medium. It is intriguing to speculate whether 
some of these “starvation-induced” proteins are 
involved in the ability of these bacteria to with- 
stand the extended periods of nutrient limitation 
they undoubtedly experience in the arthropod 
host (Alban et al., 2000). Carroll et al. (1999) 
identified at least 37 changes within borrelial 
membrane preparations by two-dimensional 
nonequilibrium pH gradient gel electrophoresis 
(2D-NEPHGE) in response to changes in pH 
(pH 6.0 VS 7.0 vs 8.0). In these studies, outer 
surface protein C (OspC, see “Reciprocal 
Expression of OspA and OspC”) was shown to 
be decreased at the higher pH, whereas a second 
unidentified protein was shown to be increased 
at pH 8.0 (Carroll et al., 1999). Two studies exam- 
ining spirochetes cultivated in BSK-H (Table 3) 
medium demonstrated that increased cell den- 
sity (at constant pH) resulted in increased 
expression of both ospC (see “Reciprocal Ex- 
pression of OspA and OspC”) and mlp8 (Indest 
et al., 1997; Ramamoorthy and Philipp, 1998; 
Mlp Lipoproteins). Although a protein with 
homology to a quorum-sensing autoinducer 
synthetase (AI-2) has been identified within the 
B. burgdorferi genome (BB0377; Surette et al., 
1999), it has yet to be determined whether 
a quorum-sensing autoinducer synthetase-like 
mechanism is responsible for cell-density medi- 
ated gene expression. The contribution of growth 
phase has also been examined. These studies 
identified a number of protein bands in sodium 
dodecyl sulfate-polyacrylamide gel electro- 
phoresis (SDS-PAGE) gels (including P35, 
BmpD and P7.5), which were upregulated 
between 2- to 66-fold as the spirochetes in 
BSK II (Table 3) medium transitioned from 
mid-log to stationary phase (Ramamoorthy and 
Philipp, 1998). Using a combination of Northern 
analyses and immunoblotting, Yang et al. (2000) 
furthered these studies by examining the inter- 
dependence of pH, temperature and cell density 



on spirochetes cultivated in vitro in BSK-H 
medium. In these studies, a decrease in pH, in 
conjunction with an increase in temperature and 
cell density, acted interdependently, resulting in 
the reciprocal expression of ospC and ospA (see 
“Reciprocal Expression of OspA and OspC”). 
Examination of other environmentally regulated 
genes identified patterns of expression that fall 
roughly into two groups, group I (o5'pC-like) and 
group II (ospA-liko). In the proposed model, the 
group I genes (i.e., ospC, ospF and mlp8) exhibit 
reduced expression when the concentration of 
spirochetes and environmental temperature are 
low, whereas the pH is relatively high. This con- 
dition is thought to represent the microenviron- 
ment of the unfed tick midgut. The group II 
genes (i.e., ospA/B, p22 and lp6.6) behave in a 
reciprocal manner and exhibit increased expres- 
sion under these same conditions. Yang et al. 
(2000) also propose a role for the alternative a 
factor rpoS (Fraser et al., 1997; Elias et al., 2000) 
in the regulation of the group I genes. One group 
I gene, dbpA, did not fit the proposed model; 
unlike ospC, expression of dbpA was substan- 
tially reduced at pH 6.8 (relative to 7.5; Yang et 
al., 2000). This result is, however, consistent with 
the recent finding that DbpA (see “Decorin- and 
Fibronectin-binding Proteins”) is not expressed 
by B. burgdorferi in the midguts of fed 7. scapu- 
laris ticks (Hagman et al., 2000). While these 
studies represent significant steps toward under- 
standing the complex interplay between multiple 
environmental factors, each of the above- 
mentioned studies involves the characterization 
of spirochetes cultivated in vitro using artificial 
medium and therefore needs to be seen as sug- 
gestive. The development of a tick cell culture 
model for cultivating B. burgdorferi and the 
demonstration that the reciprocal expression of 
ospA and ospC (see “Reciprocal Expression of 
OspA and OspC”) can be modulated by temper- 
ature using this model offer an exciting potential 
for further environmental studies that more 
closely refiect the arthropod phase of growth 
(Obonyo et al., 1999). 

While alterations in temperature, medium 
composition and pH are undoubtedly important, 
mammalian host-derived signals also play a role 
in inducing dramatic changes in gene and protein 
expression. The preferential expression of genes 
in the mammalian host is considered to be indic- 
ative of a role in virulence, although this role has 
not always been readily apparent. The identifica- 
tion and characterization of borrelial genes pref- 
erentially expressed in the mammalian host, 
however, is stymied by the inability to genetically 
manipulate these organisms and the paucity of 
organisms found in tissues during infection, par- 
ticularly in Lyme disease. As a consequence, bor- 
relial gene expression studies have had to rely on 
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more conventional molecular and immunologi- 
cal assays, examining the expression of only a 
limited number of genes within a given sample. 
Ideally, however, one would want to examine the 
simultaneous expression of multiple genes and 
the polypeptides they encode in the context of 
mammalian infection. Towards this end, several 
recent developments have significantly advanced 
the field towards overcoming the above- 
mentioned limitations and allowed for the appli- 
cation of more contemporary methodologies. 
These developments include 1) the development 
of an electroporation protocol for the introduc- 
tion of genetic material into Borrelia burgdorferi 
(Genetic Transformation of Borrelia), 2) the 
development of at least two published Borrelia 
shuttle vectors (Genetic Transformation of Bor- 
relia), and 3) the development of new animal 
models for the isolation of spirochetes in a “host- 
adapted” state. The first two developments are 
covered elsewhere in the chapter. Animal mod- 
els for the isolation of spirochetes in a more 
mammalian host-adapted state were developed 
by several independent research groups and 
include the transplantation of skin containing B. 
burgdorferi from infected animals to naive ani- 
mals developed for either a murine (Barthold et 
al., 1995) or rabbit (Shang et al., 2000) model of 
Lyme disease and the cultivation of spirochetes 
with dialysis membrane chambers (DMC) 
implanted into the peritoneal cavities of rats 
(Akins et al., 1998) and subsequently rabbits 
(Sellati et al., 1999). Future studies utilizing these 
methodologies will undoubtedly provide insights 
into both spirochetal and mammalian factors 
and stimuli involved in the pathogenesis of Lyme 
disease. 

Antigenic Variation in Borrelia 

Vmp Lipoproteins Antigenic variation, a mech- 
anism of immune evasion often employed by 
bacterial pathogens (Borst, 1991; Donelson, 
1995; Deitsch et al., 1997), has been defined as 
the changes in the structure or expression of anti- 
genic proteins that occur at a frequency greater 
than the usual mutation rate (Seifert and So, 
1990). The best example of antigenic variation in 
the borreliae is that of the variable major pro- 
teins of the relapsing fever spirochetes. One of 
the hallmarks of relapsing fever is the periodic 
cycling of acute and afebrile episodes. The acute 
febrile episodes are characterized by the pres- 
ence of a large number of spirochetes in the 
bloodstream of the infected mammal or patient 
(spirochetemia) and are followed by a change in 
the serotype and major lipoproteins associated 
with the bacterial membrane. Multiphasic anti- 
genic variation was first described in the relaps- 
ing fever spirochete B. hermsii (Barbour et al.. 



1982; Stoenner et al., 1982) and was associated 
with a family of lipoproteins, collectively named 
the “variable major lipoproteins” (VMPs). The 
VMPs were later shown to be composed of 
two multigene families, the vsp (variable small 
protein) family, which encodes lipoproteins 
20-23 kDa in size, and the vlp (variable large 
protein) family, which encodes lipoproteins 
36-40 kDa in size (Barstad et al., 1985; Restrepo 
et al., 1992; Cadavid et al., 1997; Hinnebusch et 
al., 1998). The vlp family can further be divided 
into four subfamilies (a, (3, y and 5; Hinnebusch 
et al., 1998). These proteins share several fea- 
tures of the variant surface glycoproteins (VSGs) 
responsible for antigenic variation in African try- 
panosomes, including the post-translational 
addition of a lipid moiety that mediates attach- 
ment to the cell membrane and similar second- 
ary structures of the mature polypeptides 
(Burman et al., 1990). In addition, these two 
organisms use a similar recombinatorial mecha- 
nism for the genetic exchange of DNA during 
antigenic variation (Kitten and Barbour, 1990; 
Donelson, 1995). The mechanism for the conver- 
sion of VMP types (and related VMP-like pro- 
teins) has been described for several Borrelia 
strains, but here B. hermsii will be used as the 
prototype. Briefly, 28-32-kb linear plasmids of B. 
hermsii have greater than 30 silent copies of sero- 
type-specific variable major protein genes {vsp 
and vlp] Meier et al., 1985; Kitten and Barbour, 
1990; Barbour, 1993). These silent loci were orig- 
inally named by variable major protein designa- 
tions (vmpl, vmp2, vmp3, etc.), but have since 
been renamed by either vsp or vlp family desig- 
nations (Cadavid et al., 1997). Tlie expression 
locus containing a promoter sequence and the 
active copy of either a vsp or vlp is located on 
the same or a different 28-32-kb linear plasmid 
(Fig. 11) adjacent to the covalently closed telom- 
eric end (Kitten and Barbour, 1990; Plasterk et 
al., 1985). Only one vmp (vsp/vlp) gene present 
at one telomere end of the single linear expres- 
sion plasmid is expressed in each organism (Kit- 
ten and Barbour, 1990; Barbour et al., 1991a). 
Antigenic variation (switching) occurs at a 
frequency of 10“^ to 10“"^ per generation (Stoen- 
ner et al., 1982) and results from the recombina- 
tion of one of the silent (archival) genes into the 
telomeric expression locus through inter- and 
intraplasmic recombination (Plasterk et al., 1985; 
Barbour et al., 1991b; Restrepo et al., 1994b). 
This recombination, which is thought to utilize 
homologous sequences present within the 5' and 
3' ends of all silent and expressed vmp loci, 
results in the partial or complete replacement of 
the former VMP serotype with a new serotype. 
In some instances, incomplete recombination has 
resulted in the formation of chimeric expression 
loci containing partial or complete copies of 
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more than one vmp gene (Kitten et al, 1993; 
Restrepo et al., 1994b). Additional sequence 
heterogeneity is provided by the introduction of 
point mutations post-switch (Restrepo and 
Barbour, 1994a). 

Two Vsp serotypes, Vsp A and VspB, also have 
been described in relapsing fever agent B. turica- 
tae (Cadavid et al., 1997; Pennington et al., 
1999a). The Vsp system in B. turicatae differs 
most significantly from the VMPs of B. hermsii 
in that the archival silent loci and the expressed 
locus are both located near the center of 37- 
50-kb linear plasmids and not near the telomeres 
(Pennington et al., 1999b). The silent and 
expressed loci are, however, encoded on differ- 
ent linear plasmids (Pennington et al., 1999a). 
The antigenic switching mechanism in B. turica- 
tae occurs when a silent vsp locus and down- 
stream 3' sequence (totaling approximately 13- 
14 kb) are duplicated at a unique expression site, 
replacing the existing expressed copy and its cor- 
responding downstream sequence (Pennington 
et al., 1999a). As with the VMPs of B. hermsii, 
only one Vsp serotype is expressed at a time in 
B. ti/ncatae. Vsp/Vlp-related sequences have also 
been described in B. parkeri, R crocidurae and 
B. coriaceae (Hinnebusch et al., 1998). 

Antigenic switching of the VMPs has been 
shown to occur both during in vitro cultivation 
and during infection of the mammalian host 
(Stoenner et al., 1982; Schwan and Hinnebusch, 
1998). During infection of a mammalian host, 
each acute relapse episode is predominated by 
an almost entirely new serotype (Stoenner et al., 
1982), presumably allowing evasion from the 
mammalian adaptive immune response. Until 
recently, it was not known whether a similar 
switch occurred as the spirochete passaged from 
the arthropod-vector to the mammalian host 
during tick feeding, but a recent study by Schwan 
and Hinnebusch (1998), using O. hermsi infected 
with either of two distinct B. hermsii VMP sero- 
types, demonstrated that the vmp gene present 
at the telomeric expression site did not change 
during passage through ticks. 

While there are now extensive data on the 
mechanisms of vmplvls serotype switching in 
borreliae, much less is known about the contri- 
bution of these lipoproteins to pathogenesis. 
Recent studies with R turicatae using a mouse 
model of Lyme disease demonstrated that organ- 
isms expressing the Vsp A lipoprotein have more 
extensive CNS involvement, whereas organisms 
expressing the VspB lipoprotein exhibit more 
severe arthritic manifestations (Cadavid et al., 
1994). In addition, Pennington and co workers 
(Pennington et al., 1997) demonstrated that mice 
infected with the VspB -expressing serotype 
showed increased numbers of spirochetes in 
their joints and blood than did mice infected with 



serotype A. Magoun and co-workers (Magoun 
et al., 2000) provided further evidence for a pos- 
sible role of the VMPs in virulence and/or differ- 
ences in tissue tropism by demonstrating that 
VspB, but not VspA, mediated attachment of B. 
turicatae to cultured mammalian cells through an 
interaction with cell-associated glycosaminogly- 
cans (heparin and dermatan sulfate). 

Vsp-OspC Lipoprotein Family A third type of 
variable major protein serotype was also 
described in B. hermsii by Stoenner et al. (1982) 
and designated “serotype C.” This serotype was 
of interest due to its tendency to predominate 
in serially passaged populations of B. hermsii 
(Barbour et al., 1982; Stoenner et al., 1982). 
Once it was determined that antibodies specific 
for serotype C were directed against a variable 
small lipoprotein (Vsp), the designation was 
later changed to “Vsp33” in keeping with the 
established nomenclature of VMP serotypes 
(Carter et al., 1994). The vsp33 gene differs from 
the other vsp and vlp genes in that 1) it is 
expressed from a site distinct from that of the 
telomeric site typically used by the vsp/vlp genes 
(Barbour et al., 2000), and 2) the vsp33 promoter 
is more closely related to the promoter for the 
ospC gene of B. burgdorferi than the promoters 
for the vsp/vlp genes of B. hermsii (Barbour et 
al., 1991a; Pennington et al., 1999b). 

Phylogenetic analyses of Vsp33 from B. herm- 
sii with the other small Vsps of the relapsing 
fever Borrelia spp., a Vmp from B. miyamotoi 
(Fukunaga et al., 1995), and the OspCs (see 
“Reciprocal Expression of OspA and OspC”) 
from B. burgdorferi sensu lato isolates suggest 
that these proteins form a family of related pro- 
teins, termed “the Vsp-OspC family” (Carter 
et al., 1994; Cadavid et al., 1997). These data are 
supported by recent structural studies (circular 
dichroism) comparing the B. turicatae VspA with 
three related proteins, VspB of B. turicatae, 
Vsp26 of B. hermsii and OspC (see “Reciprocal 
Expression of OspA and OspC”) of B. burgdor- 
feri strain B31. Results from these studies sug- 
gest that 1) despite as little as 40% identity in 
primary sequence, these proteins share a com- 
mon highly a-helical secondary structure pre- 
dicted to form a four-helix bundle (Fig. 21), 2) 
non-conservative amino acid changes, insertions 
and deletions could potentially affect secondary 
structure cluster in regions outside the predicted 
helices, and 3) a common secondary structure 
results in the formation of similarly sized pro- 
tease-resistant cores (Zuckert et al., 2001). In 
addition, each of the proteins examined had the 
ability to dimerize in solution (Zuckert et al., 
2001). Further structure-function analyses of the 
Vsp-OspC family of lipoproteins will likely 
increase our understanding of the role of these 
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proteins in antigenic variation, facilitating trans- 
mission from the arthropod vector, and mamma- 
lian infection, particularly the establishment of 
tissue-specific niches. 

Although they share some sequence similarity 
in their promoter regions and plasmid origins 
(Barbour et al., 2000), vsp33 from B. hermsii and 
ospC (see “Reciprocal Expression of OspA and 
OspC”) from B. burgdorferi sensu lato differ in 
their patterns of expression. The expression of 
Vmp33 has been shown to be induced by culti- 
vation either in artificial medium or within tick 
midguts at 23°C (Schwan and Hinnebusch, 
1998). The OspC (see “Environmental Signals as 
Gene Regulators”), on the other hand, is poorly 
expressed at this lower temperature (either in 
vitro or within the unfed tick midgut) and instead 
is induced by the higher temperatures (33-37°C) 
experienced by spirochetes during infection of 
the mammalian host (Schwan et al., 1995). 
Based on these and other data, Schwan and 
Hinnebusch (1998) have proposed roles for the 
Vmp33-OspC lipoproteins in tick-transmission 
and/or early colonization of the mammalian 
host. According to the proposed model, Vmp33 
is produced by spirochetes in the midguts of soft 
tick’s (O. hermsi) following a short period 
required for the cooling of the bloodmeal con- 
tents. Vmp33 is then constitutively expressed by 
spirochetes as they persistently infect the tick’s 
salivary glands, awaiting an opportunity to be 
transmitted to the next mammalian host. In addi- 
tion, expression of vmp33 has a “silencing” effect 
on the expression of the vsp/vlp present at the 
telomeric expression site, and vice versa; the 
mechanism for this inactivation is not known 
(Barbour et al., 2000). The OspC of B. burgdor- 
feri, on the other hand, is not expressed in the 
midgut of unfed ticks. The Lyme disease spiro- 
chete remains within the midgut until the 
infected tick takes a next bloodmeal, during 
which the expression of OspC (see “Reciprocal 
Expression of OspA and OspC”) is induced and 
the spirochetes migrate to the salivary glands to 
“prepare” for transmission to the mammalian 
host (Ribeiro et al., 1987; Zung et al., 1989; 
Lane et al., 1991; Coleman et al., 1997; Ohnishi 
et al., 2001). In contrast to the constitutive 
expression of Vmp33 and the rapid transmission 
(15-90 minutes) of the tick-borne relapsing fever 
spirochetes, expression of OspC (see “Recipro- 
cal Expression of OspA and OspC”) by the 
Lyme disease spirochete and subsequent trans- 
mission to the mammalian host can take a mini- 
mum of 2-3 days (Schwan et al., 1995; Schwan 
and Piesman, 2000; Ohnishi et al., 2001). This 
period, however, is well within the 3-5 days 
required for a hard tick to feed to repletion. The 
expression patterns of Vmp33 and OspC follow- 
ing transmission to the mammalian host are also 



different. Although readily visualized on spiro- 
chetes within the salivary glands of infected soft 
ticks by immunofluroescence, expression of the 
Vmp33 lipoprotein is undetectable once the den- 
sity of spirochetes is high enough for visualiza- 
tion of the organism in the blood (Schwan and 
Hinnebusch, 1998). The loss of Vsp33 expression 
is accompanied by the appearance of one of the 
other VMP lipoproteins (Vsp or Vlp; Schwan 
and Hinnebusch, 1998). On the other hand, 
OspC is constitutively expressed by (most) spi- 
rochetes as they enter the salivary glands of the 
tick and as they are transmitted to the mamma- 
lian host, and expression continues during infec- 
tion. These data could suggest that although 
Vmp33 and OspC may both facilitate the trans- 
mission of the relapsing fever and Lyme disease 
spirochetes, respectively, from their arthropod 
vectors to the mammalian host, the continued 
expression of Vmp33 (for the sake of not 
expressing a new VMP serotype, Barbour et al., 
2000) is disadvantageous for the relapsing fever 
spirochete. In contrast, the continued expression 
of OspC may not offer any disadvantage or, 
alternatively, OspC (see “Reciprocal Expression 
of OspA and OspC”) may be required for some 
B. burgdorferi-spQcific function. 

Borrelia burgdorferi Vls System It has 
been long recognized that the Lyme disease spi- 
rochete, B. burgdorferi, can alter its antigenic 
composition during growth through differential 
gene expression (see “Differential Gene Expres- 
sion”). The identification of a VMP-like system 
(vis), however, suggests that this spirochete may 
also employ antigenic variation as a mechanism 
for immune evasion and/or host-adaptation. The 
genetic organization of the vis (Fig. 25) system in 
B. burgdorferi is similar to that of the VMP sys- 
tem from relapsing fever spirochetes in the utili- 
zation of 15 variable silent loci (vis cassette) and 
a single “expression” locus (vlsE). In contrast to 
B. hermsii, both the silent and expression loci are 
located adjacent to each other on a telomeric end 
of a single 28-kb linear plasmid (lp28-l) in B. 
burgdorferi strain B31. Each vis cassette silent 
locus is flanked by a conserved 17-bp direct 
repeat that may be involved either in the align- 
ment and recombination or in binding of a pro- 
posed site-specific recombinase(s) within the 
vlsE site. The VlsE from B. burgdorferi stain B31 
contains two highly conserved domains, one at 
the amino terminus (96 amino acids) and one at 
the carboxyl terminus (51 amino acids; Zhang 
et al., 1997; Fig. 25). The amino acid sequence 
between these two invariable domains is com- 
posed of a central variable domain that contains 
six variable regions (VRs) and six invariable 
regions (IRs). These two types of regions are 
interspersed with each other, and each consti- 
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Fig. 25. Borrelia burgdorferi clone 
B31-5A3 vis locus. (A) Diagram- 
matic illustration of the overall 
arrangement of the vis locus in B. 
burgdorferi strain B31 plasmid 
lp28-l. (B) Structure of B. burg- 
dorferi strain B31 vlsE. Taken from 
Zhang et al. (1997), © 1997, Cell 
Press, with permission. 
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lutes approximately one-half of the variable 
domain’s length (Zhang et al, 1997; Liang et al, 
1999). Additional variability within the vis sys- 
tem is achieved via combinatorial antigenic vari- 
ation and promiscuous recombination resulting 
from replacement of portions of the expression 
sites by segments from several silent loci within 
the other vis cassette genes (Zhang et al, 1997; 
Liang et al, 1999). These recombinatorial events 
are dramatically induced during mammalian 
infection (Zhang and Norris, 1998). Also in con- 
trast to the VMP system in the relapsing fever 
spirochetes in which each phase (relapse) of 
infection is predominated by one serotype 
(Barbour, 1993), multiple VlsE serotypes may be 
expressed within a given population of B. burg- 
dorferi during infection of a single mammalian 
host (Zhang et al., 1997). Zhang and Norris 
(1998) examined the kinetics of vlsE sequence 
variation in C3H/HeN and severe combined 
immunodeficiency (SCID) mice. Results from 
these studies demonstrated that vlsE variation 
occurred in both mouse strains in as few as four 
days postinfection. The rate of accumulation of 



amino acid changes was significantly higher in 
the C3H/HeN mice, suggesting that immune 
selection may play a role in the persistence of 
vlsE variants. The finding that the rate of accu- 
mulation of amino acid changes in the vlsE loci 
within B. burgdorferi-infcctcd SCID mice was 
higher than that in spirochetes cultured in vitro 
cannot be explained by adaptive immune selec- 
tion and suggests that vis recombination is 
induced by a mammalian host f actor (s). Subse- 
quent immune selection, however, may explain 
the higher rate of changes in the surviving vari- 
ant clones (over the parental clone) in the C3H/ 
HeN mice compared to SCID mice (Zhang and 
Norris, 1998). Recent studies by Ohnishi et al. 
(2001) suggest that tick feeding may increase 
recombination at the vlsE locus. 

To date, the vis (Fig. 25) system of only one B. 
burgdorferi strain (B31) has been characterized, 
but the vis cassette region (Kawabata et al., 
1998) and vlsE expression (M. J. Caimano and 
J. D. Radolf, unpublished observation) loci have 
been identified for B. burgdorferi sensu stricto 
strain 297. Southern blot analysis of 22 blood 
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and erythema migrans biopsy (low-passage) 
isolates from human Lyme disease patients in 
Westchester County, New York, determined that 
all 22 isolates contained a vfa^-like sequence 
(Iyer et al, 2000). Although the size of the plas- 
mid bands varied (from 21 to 38 kb) within the 
group of isolates, the vfa£-hybridizing bands 
were restricted to one plasmid species within an 
individual isolate. The consistent presence of vis 
sequences in Lyme disease isolates provides evi- 
dence supporting the view that the vis locus or 
associated sequences may be required for infec- 
tion of mammalian hosts (Iyer et al., 2000). The 
vis system in B. burgdorferi is also implicated in 
virulence; isolates of B. burgdorferi strain B31 
lacking the linear plasmid (lp28-l) encoding the 
vis locus exhibited reduced infectivity in a mouse 
model of Lyme disease (Purser and Norris, 
2000). Additional infection data suggest that iso- 
lates lacking other linear plasmids may be simi- 
larly attenuated in virulence (Labandeira-Rey 
and Skare, 2001). 

Studies have shown that five of the six invari- 
able regions (IRs; Fig. 25) present within all VlsE 
polypeptides were not exposed on the surface of 
spirochetes cultivated in vitro (Liang et al., 1999; 
Liang et al., 2000). In addition, a recent study by 
Liang et al. (2001) examined the surface localiza- 
tion of the conserved C-terminal invariable 
domain of VlsE and found that it also was not 
exposed on the spirochetal surface. Consistent 
with these localization data, antibodies against 
the conserved C-terminal domain, although 
immunodominant during mammalian infection, 
failed to protect against challenge with B. burg- 
dorferi (Liang et al., 2001). These data, along 
with the accumulation of substantial genetic het- 
erogeneity within the variable regions during 
mammalian infection, suggest that although this 
molecule may play a role in infectivity, VlsE may 
not be useful as a vaccinogen (Liang et al., 2001). 

Lipoproteins and the Innate 
Immune Response 

Although many aspects of Lyme disease patho- 
genesis remain ill defined, it is generally accepted 
that clinical manifestations result primarily, 
perhaps entirely, from the host’s local immune 
response to spirochetes in infected tissues 
(Duray and Steere, 1988; Szczepanski and 
Benach, 1991). For a more comprehensive 
review of the immunology of Lyme disease, see 
Sigal (1997). There is now a substantial body of 
evidence that borrelial lipoproteins are the 
major proinfiammatory agonists in Lyme disease 
and the relapsing fevers and that lipid modifica- 
tion is a prerequisite for this biological property 
(Radolf et al., 1991; Radolf et al., 1995a; Ma and 
Weis, 1993; Boggemeyer et al., 1994; Norgard 



et al., 1996; Sellati et al., 1996; Morrison et al., 
1997; Vidal et al., 1998). Although both borrelial 
lipoproteins and LPS initiate cell signaling by 
binding to CD14 (Sellati et al., 1998; Wooten 
et al., 1998) and both activate cells via nuclear 
factor-kappa B (NF-(3; Norgard et al., 1996; 
Wooten et al., 1996), key differences in the sig- 
naling pathways utilized by these two agonists 
have come to light. Activation by lipoproteins 
is serum-independent and does not require 
LPS-binding protein (Sellati et al., 1998; Wooten 
et al., 1998). More importantly, the lipoprotein- 
CD14 complex signals through toll-like receptor 
(TLR)2 (Aliprantis et al., 1999; Brightbill et al., 
1999; Hirschfeld et al., 1999; Lien et al., 1999), 
whereas LPS signals through TLR4 (Poltorak et 
al., 1998; Takeuchi et al., 1999). The importance 
of innate immunity in the establishment of Lyme 
disease is highlighted by the observation that B. 
burgdorferi-mtQcted severe combined immuno- 
deficiency (SCID) mice exhibit persistent spiro- 
chetemia and chronic progressive infiammation 
of the joints, heart and liver (Schaible et al., 1990; 
Barthold et al., 1992). 

Role of Plasminogen/Plasmin in 
Borrelia Pathogenesis 

Plasmin, a broad spectrum serine protease, is 
responsible for fibrin degradation during thro- 
mbolysis, but also has been proposed to be 
involved in other physiological and pathological 
processes such as skin, corneal, and arterial 
wound repair, tumor progression, and ischemic 
and excitotoxic brain damage. The discovery that 
pathogenic microorganisms (Gram-positive and 
-negative) can convert plasminogen into enzy- 
matically active plasmin to increase their inva- 
siveness and enhance their ability to cross tissue 
barriers has received much attention (reviewed 
in Broder et al., 1991). The observation that 
Borrelia species {B. burgdorferi and B. hermsii) 
can incorporate plasminogen onto their surfaces 
where it can be activated to plasmin by the host’s 
plasminogen activation system (PAS) has lent 
itself to a study of the PAS and spirochetal 
virulence (Fuchs et al., 1994; Fuchs et al., 1996; 
Coleman et al., 1995; Coleman et al., 1997; Hu 
et al., 1995; Hu et al., 1997; Klempner et al., 1995; 
Perides et al., 1996; Gebbia et al., 1999; Coleman 
and Benach, 2000). Once incorporated onto the 
surface of the bacterium, the enzymatically 
active plasmin has the potential to degrade 
components of the extracellular matrix, such as 
fibronectin and laminin. The incorporated plas- 
min proteolytic activity on the surface of the 
pathogenic bacteria, such as Borrelia spp., must 
disseminate from their site of entry in the skin to 
the blood and other tissues (Gebbia et al., 1999). 
Evidence supporting this role for plasmin has 
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been reported by Benach and coworkers. Using 
an in vitro assay, a B. burgdorferi human isolate, 
once complexed with plasmin and supplied an 
exogenous plasminogen activator (uPA), had the 
ability to degrade purified extracellular matrix 
(ECM) components and an interstitial ECM. In 
two separate animal models of borrelial infec- 
tion, relapsing fever and Lyme disease, the in 
vivo role for plasminogen/plasmin has been 
examined by using plasminogen-deficient knock- 
out mice (plg~l~). In the Lyme disease model, 
plasminogen was shown to be required for effi- 
cient spirochete dissemination in ticks and estab- 
lishment of spirochetemia in mice (Coleman 
et al, 1997). Plasminogen was also shown to be 
an important host factor in the relapsing fever 
model. Plasminogen-deficient mice (plg~/~) 
showed significantly decreased spirochetal bur- 
dens in both heart and brain tissues (as measured 
by PCR amplification). Furthermore, the de- 
creased spirochetal load in the brains of plg~l~ 
mice was associated with a significant decrease 
in the degree of inflammation of the leptom- 
eninges in these mice, as compared to the control 
(plg^r and plg^l~) mice (Gebbia et al., 1999). 
Together these data strongly support a role for 
the PAS in Borrelia spp. infection. 



Chemotherapy 

Relapsing Fevers 

For a review of antibiotic therapies for the 
relapsing fevers, see Cadavid and Barbour 
(1998). Relapsing fever has been successfully 
treated with tetracycline, chloramphenicol, 
penicillin and erythromycin (Sanford, 1976; 
Perine and Tekle, 1983; Butler, 1985; Horton and 
Blaser, 1985), although chloramphenicol treat- 
ment was not highly successful in the treatment 
of relapsing fever in animal models of infection 
(Cadavid and Barbour, 1998). For louse-borne 
relapsing fever, tetracycline, in a single oral dose 
(0.5 g), is the preferred therapy, except in preg- 
nant women and children younger than 8 years 
(Perine and Tekle, 1983). Erythromycin in a sin- 
gle oral dose (0.5 g) is an equally effective alter- 
native therapy (Perine and Tekle, 1983). For tick- 
borne relapsing fever, tetracycline (0.5 g), given 
in four divided doses at 6-h intervals for 5-10 
days, is considered the drug regime of choice, 
owing to the higher rate of treatment failure and 
relapses in these patients (Sanford, 1976; Foster, 
1977; Horton and Blaser, 1985). Although effec- 
tive in cases of LBRF, erythromycin did not pre- 
vent relapse or neurological complications in 
patients with TBRF (Horton and Blaser, 1985; 
Colebunders et al., 1993). Parenteral antibiotics 
(i.e., penicillin G, cefotaxime or ceftriaxone) 



should be given for 14 or more days in patients 
with meningitis or encephalitis (Cadavid and 
Barbour, 1998). 

Lyme Borreliosis 

Early Lyme (Borreliosis) disease usually 
responds well to antimicrobial therapy. How- 
ever, cases with persistent joint or central ner- 
vous system complications tend to be more 
resistant to treatment. Adults with the early 
manifestations generally respond to doxycycline 
(100 mg orally, 2 x daily, 10B30 days) or amox- 
icillin (500 mg orally, 4 x daily, 10B30 days). Chil- 
dren younger than 8 years of age are generally 
treated with amoxicillin (250 mg orally, 3 x daily, 
10B30 days). Neurologic manifestations (Table 
5) and other abnormalities are treated with 
ceftriaxone (Rocephin; 2 g, intravenously, 1 x 
daily, 14 days). Treatment failures have occurred 
with all of these regimens, and retreatment may 
be necessary. Since patients who have already 
developed a mature anti-borrelia IgG response 
often remain seropositive after apparently 
successful antibiotic therapy, the presence or 
absence of circulating antibodies to Borrelia 
following treatment is not a reliable indicator of 
cure (Dattwyler et al., 1989). Descriptions of 
clinical presentations and the medical progress 
of Lyme disease have been reviewed by Steere 
(1989) and Edlow (1999). 

Jarisch-Herxheimer Reaction 

Shortly (10-30 minutes) following the initiation 
of antibiotic therapy in a large number of relaps- 
ing fever patients, a Jarisch-Herxheimer reaction 
may occur, manifested by rigors, sudden fever, 
headache, and persistent hypertension, followed 
over the next few hours by profuse sweating 
and a slow decline in temperature and fall in 
blood pressure. The discovery of this distressing 
and potentially life-threatening (case fatality rate 
of approximately 5%) phenomenon is usually 
credited to Jarisch and Herxheimer, who first 
described the components of this syndrome in 
patients with secondary syphilis (see The Genus 
Treponema in this Volume) who received mer- 
cury treatment. This reaction has been described 
in a variety of bacterial infections, including five 
spirochetal infections (louse-borne and tick- 
borne relapsing fevers, Lyme disease, leptospiro- 
sis (see The Genus Leptospira in this Volume), 
and syphilis (see The Genus Treponema in this 
Volume) and closely resembles a classic endo- 
toxin reaction (or systemic inflammatory 
response syndrome), which typically occurs 
when endotoxin (LPS) from cell walls of Gram- 
negative bacteria or other viral, protozoal, fungal 
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pyrogen, or bacterial toxin is released. More 
recently, bacterial lipoproteins (see “Lipopro- 
teins and the Innate Immune Response”) have 
been added to the list of molecules capable of 
inducing an acute inflammatory response 
(Radolf et al, 1991; Radolf et al, 1995a; Ma and 
Weis, 1993; Tai et al, 1994; Weis et al, 1994; 
Norgard et al, 1995; Norgard et al, 1996; Sellati 
et al, 1996; Sellati et al, 1998; Wooten et al., 
1996; Morrison et al., 1997; Theus et al., 1998; 
Vincent et al., 1998). One general characteristic 
of all Jarisch-Herxheimer reactions is a substan- 
tial increase in circulating levels of tumor necro- 
sis factor a (TNF-a), interleukin-6 (IL-6), and 
interleukin-8 (IL-8) just before symptoms 
develop. In a recent study by Fekade et al. 
(1996), treatment with Fab fragments of anti- 
TNF-a antibodies significantly reduced the inci- 
dence and severity of the Jarisch-Herxheimer 
reaction in patients with louse-borne (endemic) 
relapsing fever caused by B. recurrentis. This 
report was one of the first to establish that pas- 
sive immunization against TNF-a can block the 
development of a shock-like illness in humans 
and has received support within the medical 
community as an attractive and viable therapy 
for the prevention of the Jarisch-Herxheimer 
reaction in spirochetal and potentially other bac- 
terial infections (Beutler and Munford, 1996). 



Lyme Disease Vaccine 

In two large clinical trials, more than 10,000 adult 
volunteers received three doses (intramuscu- 
larly) of one of two Lyme disease vaccines 
directed against the B. burgdorferi outer surface 
lipoprotein, OspA (see “Reciprocal Expression 
of OspA and OspC”). Individuals were vacci- 
nated at time 0, 1 and 12 months. After three 
doses, the OspA-based vaccine was shown to be 
76-92% effective (Sigal et al., 1998; Steere et al., 
1998b). The Food and Drug Administration 
(FDA) gave final approval, in 1998, to a Lyme 
disease vaccine, LymeRix, based on a recom- 
binant form of OspA and manufactured by 
SmithKline Beecham Pharmaceuticals. There are 
several caveats to the use of the LymeRix vaccine 
(http://www.cdc.gov/epo/mmwr/preview/ 
mmwrhtml/rr4807al.htm). Although long stud- 
ied using Borrelia cultivated in BSK II (Table 3) 
medium, the target of the vaccine, OspA (see 
“Reciprocal Expression of OspA and OspC”), 
was recently shown to be expressed only on the 
surface of spirochetes in the flat (unfed) tick and 
not on the surface of spirochetes in the tick sal- 
ivary glands or on spirochetes transmitted to the 
human host. Once a tick begins to take a blood- 
meal on a vaccinated individual, any spirochetes 



within the midgut of that tick are susceptible to 
the host’s bactericidal anti-OspA antibodies. The 
end result is a lowering of the density of organ- 
isms within the tick salivary gland to below a 
critical threshold required for initiating events 
linked to transmission (de Silva et al., 1999). 
Those spirochetes that are not killed in the mid- 
gut prior to the downregulation and disappear- 
ance of OspA from the bacterial cell surface, 
however, are no longer susceptible to killing by 
antibodies directed against OspA (see “Recipro- 
cal Expression of OspA and OspC”), thereby 
reducing the vaccine’s efficacy. In addition, 
individuals who receive the vaccine will become 
ELISA positive (but Western-blot negative), 
making future diagnosis of those patients who 
subsequently become infected more difficult. 
Uncertainties about who should receive the 
vaccine (http://www.cdc.gov/epo/mmwr/preview/ 
mmwrhtml/rr4807al.htm), concerns about the 
limited duration of protective immunity (Onrust 
and Goa, 2000; Taege, 2000), and the unfortunate 
misperception that it has a high incidence of seri- 
ous side effects, including autoimmune reactions 
(Sigal, 2000; OspA and Autoimmunity), have 
produced a less than enthusiastic reception 
among practitioners and the lay public. To date, 
these concerns have failed to materialize as there 
have been no significant side effects among the 
vaccinated public. 

One attractive alternative to a vaccine based 
solely on OspA is the development of a multiva- 
lent vaccine based on a number of borrelial anti- 
gens that are expressed preferentially in either 
the arthropod (i.e., OspA Reciprocal Expression 
of OspA and OspC) or the mammalian host 
(i.e., Osp A/Osp C Reciprocal Expression of 
OspA and OspC, and OspE/OspF/Elp, Mlp, and 
DbpA. The increased expression of OspC in the 
mammalian host, the identification of OspC 
subtypes of B. burgdorferi, which are primarily 
responsible for invasive disease in humans (see 
Borrelia Genotype and Pathogenesis in the sec- 
ond edition), and the ability of OspC antibodies 
to prevent, as well as resolve, infection with B. 
burgdorferi (Zhong et al., 1999) make this mol- 
ecule particularly attractive. 

The vaccine, however, does not offer any pro- 
tection against other tick-borne diseases, Babesia 
microti and the agent of human granulocytic 
ehrlichiosis (HGE), common to and transmitted 
by the same ixodid vectors. An area of active 
interest is the development of anti-arthropod 
vaccines. Such vaccines could be designed to 
interfere with one or more of the steps involved 
in pathogen transmission, including 1) prevent- 
ing tick attachment and feeding, and 2) prevent- 
ing pathogen attachment to and migration within 
the arthropod vector tissues. Such vaccines could 
have the potential to simultaneously protect 
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against multiple pathogens transmitted by the 
same vector. 

For recent vaccine reviews, see Thanassi and 
Schoen (2000) and Poland and Jacobson (2001). 



OspA and Autoimmunity 

A study by Steere and coworkers (Gross et al., 
1998), looking at patients with treatment- 
resistant and -responsive Lyme arthritis, sug- 
gested that infection with B. burgdorferi may 
lead to the development of an immune response 
to the OspA (see “Reciprocal Expression of 
OspA and OspC”) lipoprotein that cross- 
reacts with a human antigen, human leukocyte 
function-associated antigen-1 (hLFA-1). In a 
small number of patients who possess a particu- 
lar Major Histocompatability Class (MHC) II 
allele, HLA-DRB 1*0401, the response against 
hLFA-1 may lead to the subsequent develop- 
ment of an autoimmune-mediated arthritis 
(Gross et al., 1998). The identification of OspA- 
reactive type-1 T helper (ThI) cells that cross- 
reacted with a related-region within hLFA-1 in 
the synovial fluid of individuals with treatment- 
resistant Lyme arthritis supports this hypothesis 
(Gross et al., 1998). The association between an 
anti-OspA immune response and hLFA-1 cross- 
reactivity and the development of treatment- 
resistant Lyme arthritis is not fully understood. 
Some patients who develop hLFA-1 autoreactive 
T-cells do not possess the HLA-DRB1*0401 
allele; conversely, some patients who possess that 
HLA-DRB 1*0401 allele do not respond to 
either OspA or hLFA-1 (Gross et al., 1998). The 
implication(s) of these data for vaccine (see 
“Lyme Disease Vaccine”) recipients remains to 
be seen. 



Veterinary Diseases 

Borrelia anserina is the etiological agent of avian 
borreliosis (Table 1), a highly fatal disease of 
geese, ducks, turkeys and chickens. Mammals are 
resistant to this infection. The disease is wide- 
spread, occurring in many countries including 
those in Europe, Asia, Australia, and South, Cen- 
tral, and North America. The vectors of B. anse- 
rina are species oiArgas ticks. The disease begins 
with a high fever; then the birds become cyanotic 
and develop diarrhea. Spirochetes are present in 
the blood early during the disease, and relapses 
do not occur. 

Borrelia coriaceae is the putative etiological 
agent of epizootic bovine abortion (Table 1), a 
disease of major economic importance in Cali- 
fornia (Lane et al., 1985; Johnson et al., 1987). 
This species of Borrelia (Johnson et al., 1987) is 



carried by the human-biting soft tick Orni- 
thodoros coriaceus (Lane et al., 1985). Until 
recently, only one isolate of B. coriaceae Co53 
had been characterized genetically and pheno- 
typically (Johnson et al., 1987; LeFebvre and 
Perng, 1989). The publication of two additional 
strains of B. coriaceae, isolated from adult O. 
coriaceus ticks collected from northwestern 
California, has significantly increased our 
understanding of this little-known borrelial 
genospecies (Hendson and Lane, 2000). Hybrid- 
ization studies of these two new isolates, along 
with the initial Co53 isolate, demonstrated low 
homology between these strains and the relaps- 
ing fever spirochete B. parkeri among the linear 
plasmids of these isolates. Pulsed field gel elec- 
trophoresis demonstrated that B. coriaceae 
exhibits genetic diversity within the linear plas- 
mid profiles of these three isolates, a character- 
istic common among the borreliae (Hendson and 
Lane, 2000). Unlike most Borrelia spp., B. cori- 
aceae can be passed transstadially and occasion- 
ally transovarially (Lane et al., 1985; Lane and 
Manweiler, 1988a). The Columbian black-tailed 
deer {Odocoileus hemionus columbianus) has 
been implicated as a probable natural host (Lane 
and Manweiler, 1988b). 

Borrelia theileri is responsible for a mild dis- 
ease of cattle, horses and sheep (Table 1). The 
illness is characterized by one to two episodes of 
fever, weight loss, weakness and anemia. The 
vectors of this spirochete are species of the hard 
ticks Rhipicephalus and Boophilus. Borrelia 
theileri also has been found to be transmitted 
transovarially in Boophilus microplus eggs 
(Smith et al., 1985). The disease has been 
reported in South Africa and Australia. 
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CHAPTER 4.4 

The Genus Leptospira 

BEN ADLER AND SOLLY FAINE 



Introduction 

Members of the genus Leptospira are helicoidal 
bacteria that may exist as free-living saprophytes 
or in association with a diverse range of animal 
hosts. They either are the cause of acute lep- 
tospirosis or are associated with particular host 
tissues (especially the renal proximal tubules) on 
a long-term basis (possibly for the life of the 
animal). Two additional species, L. parva and L. 
illini, which were previously included in the 
genus, have been reclassified as the separate 
genera Turneria and Leptonema, respectively 
(Hovind-Hougen, 1979; Hookey et al., 1993; 
Ellis, 1995), although the former has not been 
officially published. These three genera comprise 
the family Leptospiraceae within the order 
Spirochaetales, which also contains the families 
Spirochaetaceae and Serpulinaceae. 

Human leptospirosis has clearly existed since 
the earliest times, but it is impossible to ascribe 
with any certainty various records of febrile 
jaundice to leptospirosis or to other causes. 
Many of the early descriptions are reviewed in 
Paine et al. (1999). It was in 1860 that Adolph 
Weil, professor of medicine at the University of 
Heidelberg, published his description of an 
“. . . infectious disease accompanied by splenom- 
egaly, jaundice and nephritis” (Weil, 1886), the 
most severe form of which now bears his name 
as Weils disease. Leptospires were first isolated 
in pure culture by Japanese workers in 1914 
(Inada et al., 1916) only a short time before a 
similar isolation in Europe (Uhlenhuth and 
Fromme, 1915), although it is clear that the first 
visual observations of Leptospira were made by 
Stimson a few years earlier in silver stained sec- 
tions of human kidney from a patient thought to 
be suffering from yellow fever (Stimson, 1907; 
Stimson, 1909). 

Taxonomy 

The taxonomy of Leptospira has been both com- 
plicated and controversial; at various times over 
the past 60 years, the genus has contained only 



two species or almost 200 species. It is only with 
the relatively recent application of accepted 
molecular methods that the taxonomic status of 
members of the genus has been unequivocally 
determined. 

The genus is defined as Leptospira Noguchi 
(1917), type species Leptospira interrogans 
(Stimson, 1907), type strain serovar Icterohaem- 
orrhagiae, Ictero No. I (ATCC 43782). 

Following the first isolation of Leptospira, the 
next three decades saw the isolation of scores of 
strains that were clearly different with respect to 
epidemiology, disease pattern and a very limited 
range of phenotypic characteristics. Because of 
the limited phenotypic differences available, 
antigenic differences in agglutinating (lipopoly- 
saccharide; EPS) antigens were used as the basis 
for identification and classification. The serovar 
became the basic taxon, with each serovar 
accorded species status, e.g., L. pomona, L. ict- 
erohaemorrhagiae, L. hardjo, etc. Antigenically 
related serovars were placed together in sero- 
groups, which per se have no taxonomic status. 
From a taxonomic viewpoint, this scheme was 
clearly erroneous. Accordingly, in 1982 the Sub- 
committee on the Taxonomy of Leptospira 
adopted a scheme by which all pathogenic 
leptospires were designated the single species L. 
interrogans (also known as the “L. interrogans 
complex”) followed by the serovar name. All 
saprophytic serovars were placed in the species 
L. hiflexa (the L. hiflexa complex). 

The application of DNA hybridization allowed 
the speciation of members of Leptospira based 
on the accepted definition of >70% hybridization 
under defined high stringency conditions, with 
less than 5% divergence. Following the original 
designation of several species of Leptospira 
(Yasuda et al., 1987), other workers have defined 
or isolated new species; currently 12 species of 
Leptospira are recognized (Brenner et al., 1999; 
Table 1), with at least four additional species that 
have not yet been named. Some confusion arises 
owing to the retention of the species names L. 
interrogans and L. biflexa for one of the geneti- 
cally defined pathogenic and saprophytic species, 
respectively. This may be avoided by the use of 
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Table 1. Species classification of the genus Leptospira. 



Species 


Pathogenesis 


G+C content (%) 


L. alexanderi 


Pathogenic 


38.0 


L. horgpetersenii 




39.8 


L. interrogans 




34.9 


L. kirschneri 




ND*’ 


L. noguchii 




36.5 


L. santarosai 




40.5 


L. weilii 




40.5 


Unnamed species 1" 




39.8 


Unnamed species 3" 




43.4 


Unnamed species 4" 




38.9 


Unnamed species 5" 




37.9 


L. fainei 


Indeterminate 


ND*’ 


L. inadai 




42.6 


L. biflexa 


Saprophytic 


33.5 


L. meyeri 




35.2 


L. wolbachii 




37.2 



"Brenner, 1999. 
‘’Not determined. 



the terms “sensu stricto” and “sensu lato” to 
refer to the species or the overall complex, 
respectively. See Paine et al. (1999) for a com- 
plete listing of the more than 230 serovars 
currently recognized. 

A significant outcome of the genetic classifica- 
tion scheme was the finding that many antigeni- 
cally related serovars, or even subtypes of the 
same serovar, may belong to different species. 
For example, the antigenically indistinguishable 
subtypes of serovar Harjdo (Hardjobovis and 
Hardjoprajitno) are placed in L. horgpetersenii 
and L. interrogans, respectively. Although the 
two subtypes are by definition identical serovars, 
they are often referred to as serovars Hardjobo- 
vis and Hardjoprajitno. Interestingly, genetic 
analysis of the LPS biosynthetic loci of the two 
subtypes has indicated a mosaic arrangement 
with evidence for lateral acquisition of blocks 
of functionally identical genes (De la Pea- 
Moctezuma et al., 1999; De la Pea-Moctezuma 
et al., 2001). 

Cell Structure 

By light microscopy, leptospires are best viewed 
with dark field illumination in which they appear 
as thin, helical, motile organisms, ranging from 
10 to more than 20 pm in length. They are usually 
hooked at one or both ends (Fig. 1) and exhibit 
rapid, darting, to-and-fro motility in liquid 
media, as well as both flexing motion and con- 
stant rotational movement about their long axes. 
In viscous media and on cell surface mucus, lep- 
tospires exhibit a snake-like crawling motility. 
Straight, unhooked variants occur, which are less 
translationally motile and form dense colonies in 



/ 


t 







Fig. 1. Darkfield photomicrograph (magnification ca. x 1300) 
of Leptospira sp., showing helical morphology and hooked 
ends. From Faine et al. (1999). 




Fig. 2. Shadowed electron micrograph of Leptospira sp. 
(magnification ca. x 30,000). The characteristic helical shape, 
periplasmic flagella (red arrow) and outer membrane (green 
arrow) can be seen. Micrograph by A Chang. 



solid media, in contrast to the spreading growth 
of the hooked forms. The straight forms are 
sometimes avirulent, but the molecular basis for 
this is unknown. 

Leptospires notionally stain as Gram negative, 
but they are very thin and thus stained prepara- 
tions are difficult to visualize microscopically. 
They may be seen more readily after staining 
by silver deposition methods or by immunostain- 
ing with fluorescent or immunohistochemical 
conjugates. 

Electron microscopy is necessary to observe 
the detailed structural components of the lep- 
tospiral cell (Fig. 2), which resemble closely the 
architecture of a typical Gram-negative bacterial 
cell. There is an outer membrane, external to an 
inner membrane and peptidoglycan, wound in a 
helical shape. The direction of coiling is right- 
handed. Leptospires range in length from about 
10-20 pm, with a coil amplitude of approxi- 
mately 0.1-0.15 pm and a wavelength of about 
0.5 pm. 

Leptospiral Endoflagella 

Each leptospire has two flagella, one arising at 
each end from an insertion through the inner 
membrane/peptidoglycan complex and lying in 
the periplasmic space between the peptidoglycan 
and the outer membrane. The two polar, peri- 
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Fig. 3. Negatively stained electron micrograph of purified 
leptospiral flagella. Arrows indicate flagellar core without 
sheath. Bar = ca. 200 nm. Micrograph by B. Adler. 



plasmic, single flagella are characteristic and dis- 
tinguishing features of Leptospira. When a cell 
divides, it develops a new flagellum at the newly 
formed end, immediately after division. Flagella 
have been isolated from leptospires for morpho- 
logical, chemical or immunochemical studies. 
The flagella, freed from the leptospiral body, 
were concentrated by differential centrifugation 
or by density gradient centrifugation (Chang and 
Paine, 1970; Kelson et al., 1988). In negatively 
stained electron micrographs, purified flagella 
appear to be approximately 15-18 nm wide, with 
an inner 12-nm core surrounded by a sheath 
(Fig. 3). 

The flagella are similar in general structure to 
the flagella of other Gram-negative bacteria, 
comprising a hooked proximal end and disk 
rotor insertion structures, intercalated with the 
layers of the cell wall (Birch- Andersen et al., 
1973; Holt, 1978). A hooked region penetrates 
the wall, outside of which the flagellum is seen 
to comprise a central core, made up of the fla- 
gella subunit protein, FlaB. Because of the peri- 
plasmic nature of leptospiral flagella, their role 
in motility and in the retention of the helical cell 
morphology has been controversial (Li et al., 

2000) . The recent inactivation by allelic exchange 
of the flaB gene in L. biflexa (Picardeau et al., 

2001) demonstrated unequivocally the essential 
role of the flagella in motility, but not in helical 
cell morphology. The flaB mutants were shown 
to be nonmotile and devoid of flagella and 
hooked ends. However, they retained the char- 
acteristic helical shape of the wildtype parent. 

The Leptospiral Surface 

The outer membrane can be seen in shadowed, 
scanned or sectioned preparations and contains 
proteins, lipids, lipoproteins and LPS. Crude 
preparations of outer membrane (so-called 



“outer envelope”) have been made by plasmol- 
ysing leptospires or otherwise disrupting them 
(Auran et al., 1972; Zeigler and VanEseltine, 
1975). These preparations have been used as vac- 
cines (Auran et al., 1972), the active component 
of which is almost certainly LPS. Freeze-fracture 
studies of L. kirschneri serovar Grippotyphosa 
revealed a low outer-membrane protein content 
compared with typical Gram-negative bacteria. 
Virulent strains had 443, and avirulent strains 
990, molecules/pm^, a highly statistically signifi- 
cant difference (Haake et al., 1991) and at least 
10- to 100-fold less than the numbers seen in 
Escherichia coli. 

The exposed leptospiral surface carries a net 
negative charge (Brown and Broom, 1929). In 
laboratory cultures, leptospires are always coated 
with adherent protein from the culture medium, 
the last traces of which cannot be removed, even 
with repeated centrifugal washing. 

The leptospiral peptidoglycan layer is likewise 
similar to that of typical Gram-negative bacteria, 
lying external to, and associated with, the inner 
membrane. A role has been suggested for pepti- 
doglycan in stimulating phagocytosis and pro- 
duction of the cytokine TNF-a by human 
monocytes (Cinco et al., 1993; Cinco et al., 1996). 
Penicillin-binding proteins have been shown to 
be associated with the inner membrane/pepti- 
doglycan complex (Brenot et al., 2001a). 

Leptospiral Lipids 

Leptospires are characterized by a relatively 
high total lipid content and by unusual fatty acids 
(Johnson, 1976; Cacciapuoti et al., 1991); how- 
ever, studies of lipids are complicated by the 
essential presence in the culture medium of long- 
chain fatty acids, required for growth, which also 
influence leptospiral lipid content and composi- 
tion. Total lipids comprise about 14-26% of dry 
weight, of which 50-70% are phospholipids, 
mainly phosphatidyl ethanolamine (80-90%), 
although smaller amounts of phosphatidyl glyc- 
erol (5-10%), diphosphatidyl glycerol (1-5%), 
and lysophosphatidyl ethanolamine (0-3%) are 
also present. 

Among the long chain fatty acids in lipid frac- 
tions, varying amounts of C 10:0, cA-12:9^, 20H 
11:0, 30H 12:0, 14:2, cA-14:l^ cis-U\l^\ 14:0, 
a-15:0, 16:0, 16:2, cA-16:l^ cis-16\l^\ 16:0, 30H 
15:0, cA-18:l^ and cA-18:l^^ have been found 
(Johnson et al., 1970; Cacciapuoti et al., 1991). 
Saprophytes contained more 14:0 than parasites 
contained, and in Canicola grown on 18:0 (octa- 
decanoic acid), 87% of the Cl 6 acid was the All 
isomer. The cis-16\l^^ isomer is unusual, charac- 
teristic and almost unique to Leptospira and 
related bacteria. Characteristic fatty acid methyl 
ester profiles obtained by gas-liquid chromatog- 
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Fig. 4. Schematic representation 
of the membrane architecture of 
Leptospira. The precise mem- 
brane topology of the major 
OMP, LipL32, has not been 
defined. OMP, outer membrane 
protein; EPS, lipopolysaccharide; 
LipL32, L36 and L41, lipopro- 
teins; and PBP, penicillin-binding 
proteins. 
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raphy are useful in chemotaxonomy (Cac- 
ciapuoti et al., 1991). 

Tlie structure and composition of some lep- 
tospiral membrane components are represented 
schematically in Fig. 4. 



Physiology and Metabolism 

Cell Division 

As leptospiral cells grow, they elongate to maxi- 
mum length, at which time a constriction appears 
in the protoplasmic cylinder, extending to close 
off the fresh ends of each leptospire. Under con- 
ditions of nutritional stress, very long (50 pm or 
more) leptospires may develop that fail to sepa- 
rate so that long chains of elongated leptospires 
may be observed. 

Growth Rates and Conditions 

Saprophytic leptospires can be distinguished by 
their ability to grow at 11-13°C, whereas patho- 
gens will not (Johnson and Harris, 1967), 
although the optimum temperature in laboratory 
media for both is 28-30°C. The optimum pH 
range for growth is 7.2-7. 6; alkaline conditions 
are tolerated better than acidic conditions. Aer- 
obic conditions are essential and growth rates 
are improved by shaking, sparging or increased 
surface areas. The typical doubling time for 
pathogenic leptospires adapted to laboratory 
cultivation under optimum conditions for growth 
is about 6-8 h, whereas doubling times of 3-4 h 
have been reported for L. biflexa. Cultures of 
pathogens therefore usually need to be incu- 
bated for 3-10 days, sometimes longer. Growth 
of primary isolates is much poorer, with doubling 
times in excess of 24 h. 

Starting inocula from stationary phase cultures 
of as much as 1% (sometimes up to 10%) of the 



volume of fresh medium are used, so that maxi- 
mum growth is reached in 4-7 days. Final densi- 
ties of about 5 X 10^-10^ cells/ml can be achieved 
in Tween-albumin media for well-adapted labo- 
ratory strains of most leptospires. 

Technical details of methods of observation, 
preparation of culture media, manipulation and 
subculture may be found in Paine et al. (1999). 
In liquid media, the first appearance of growth is 
a barely perceptible, but quite characteristic, 
birefringence, whereas fully grown cultures are 
obviously turbid to the naked eye at cell concen- 
trations of approximately 5 x 10^-10^ leptospires/ 
ml. However, some strains, especially fresh iso- 
lates, may grow to only 1/100 of this cell concen- 
tration. Growth must therefore be checked by 
removing a loopful of culture aseptically for 
dark-field microscopy. 

Most strains of leptospires grow as subsurface 
colonies on solid media, but colonies may take 
days or weeks to appear; some serovars or strains 
may be impossible to grow as colonies on solid 
media. Plates should be incubated for 3-4 weeks, 
avoiding dehydration and contamination. Addi- 
tion of pyruvate or rabbit serum (5-10%) 
enhances the growth of some strains. 

Ordinary bacteriological membrane filters 
with average pore diameters of 0.2 pm or greater 
will allow leptospires to pass. Culture media or 
constituents made with tap water that has not 
been heat sterilized, or which have been held in 
vessels containing traces of tap water, have 
resulted in contamination of leptospiral or tissue 
cultures by L. biflexa and L. inadai strains able 
to pass through bacteriological filters. 

Leptospires in cultures may remain viable for 
a very long time (at least 10 years in Korthof s 
medium has been recorded in the authors’ labo- 
ratory) in glass tubes in the dark at room tem- 
peratures up to 35°C. Addition of hemoglobin 
to media in an amount sufficient to produce a 
pink color and use of 0. 1-0.3% sloppy agar 
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media have been recommended to enhance 
survival. 

Energy Metabolism 

Leptospires are chemoorganotrophs that use O2 
as the final electron receptor. Cytochromes a, c 
and Cl, catalase and oxidase are present. Differ- 
ences in the relative distribution of catalase and 
oxidase between serovars were reported, and no 
L. biflexa strains were catalase-positive (Corin 
et al., 1978). The only major carbon and 
energy sources are long-chain (more than C14) 
fatty acids, from which energy is derived by (3- 
oxidation (Henneberry and Cox, 1970). Sugars 
are not fermented and cannot be utilized as car- 
bon sources, but carbohydrates may be synthe- 
sized by means of the tricarboxylic acid cycle and 
a nonoxidative pentose phosphate patWay or 
phosphogluconate and glyoxalate pathways, 
for which the key enzymes glucosephosphate 
isomerase, isocitrate lyase and malate synthase 
were detected in L. biflexa grown in synthetic 
medium (Yanagihara et al., 1984a; Yanagihara et 
al., 1984b). 

Lipid Metabolism 

Leptospires can shorten or desaturate essential 
long-chain fatty acids and incorporate them, but 
cannot synthesize them de novo (Stern et al., 
1969; Johnson et al., 1970). Not surprisingly, the 
fatty acid composition of the leptospires refiects 
that of the growth medium. 

Short-chain fatty acids can be utilized if longer 
chain fatty acids are also present (Johnson et al., 
1969). Short-chain fatty acids, for example ace- 
tate, are metabolized, but their carbon is not 
selectively used in forming long-chain lipids 
(Stern et al., 1969). The essential fatty acids 
required for nutrition and energy metabolism are 
also toxic, so that they must be presented to the 
leptospires in the presence of a detoxifier that 
will adsorb them and release them slowly by equi- 
librium in low concentrations. Common detoxi- 
cants are serum albumin of bovine origin (in 
oleate-albumin media or in the albumin compo- 
nent of serum in media containing whole serum) 
and the usually concomitant use of sorbitol- 
complexed fatty acids (Tweens). In nature, 
leptospires probably obtain their essential long- 
chain fatty acids by attaching themselves to, and 
possibly by integrating their outer membrane 
with, surfaces on which the essential fatty acids 
are adsorbed (Kefford and Marshall, 1984). 

All L. biflexa strains produce lipases (triolein- 
ases), as do L. inadai and some L. interrogans 
strains (Kasarov and Addamiano, 1969). The 
other interrogans leptospires and L. borgpeters- 
enii, L. noguchii, L. santarosai and L. weilii were 



reported not to produce lipases (Johnson and 
Harris, 1968; Yasuda et al., 1987), but more 
recent molecular analyses have contradicted 
these early reports (see Virulence Factors). 

Amino Acid Metabolism 

Alanine, arginine, aspartate, glutamate, glycine, 
leucine, phenylalanine and valine were incorpo- 
rated into protein by serovar Pomona. Arginine, 
leucine, phenylalanine and valine were incorpo- 
rated directly, almost exclusively in protein, but 
labeled carbon from glutamate and aspartate 
was also found in other cellular protein amino 
acids, whereas labeled carbon from alanine, 
aspartate, glutamate and glycine was in the lipid- 
soluble and trichloracetic acid precipitated frac- 
tions (Johnson and Rogers, 1964b). Different 
groups of leptospires may synthesize isoleucine 
by the classical threonine pathway, by an unusual 
pyruvate pathway, or by both, with the pyruvate 
pathway dominant (Charon et al., 1974; Westfall 
et al., 1983). Genes of the methionine biosyn- 
thetic pathway in L. meyeri serovar Semaranga 
have been cloned by complementation of E. coli 
mutants in the met A and metB genes (Bourhy et 
al., 1997; Belfaiza et al., 1998). However, despite 
functional similarity of the E. coli and L. meyeri 
enzymes, it is clear that the leptospiral pathway 
involves direct sulfhydrylation of O-acetyl 
homoserine and thus resembles the pathway in 
yeast rather than the more common bacterial 
pathway found in E. coli. 

Purines and Pyrimidines 

There are clear differences in the metabolism of 
purines and pyrimidines by different groups of 
leptospires. All species of L. biflexa can synthe- 
size their purine and pyrimidine requirements 
and grow in the presence of 2,6-diaminopurine 
(10 mg/ml) or 8-azaguanine (225 mg/ml) added 
to the growth medium. In contrast, among the 
pathogenic species, L. borgpetersenii, L. santaro- 
sai and some of the L. interrogans grow in the 
presence of 2,6-diaminopurine. Except for L. 
inadai, whose pathogenic status is uncertain, 8- 
azaguanine inhibits all the pathogenic species. 

Carbon Sources 

Long-chain fatty acids and CO2 are essential. 
Chain lengths of 12-18 carbon atoms are satis- 
factory, but only L. biflexa will grow on saturated 
fatty acids alone; indeed, they will also grow on 
long- or short-chain, saturated or unsaturated 
fatty acids. Unsaturated fatty acids alone will 
support the growth of pathogenic species, which 
require unsaturated fatty acids to be present in 
order to utilize saturated fatty acids. They also 
require longer chain length fatty acids than L. 
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hiflexa does for the utilization of C15-16 fatty 
acids (Johnson et al, 1969). 

The fatty acids may be provided in any non- 
toxic form or in the presence of a detoxicant. The 
most elementary detoxicants are surfaces on 
which the fatty acids are adsorbed, such as glass, 
charcoal, silica gel, or starch. Serum contains 
albumin, which is capable of absorbing large 
amounts of fatty acids, among other compounds, 
and releasing them into the medium at low, non- 
toxic concentrations. Alternatively, in place of 
serum, the serum albumin can be extracted and 
used in defined serum-free media. Additionally, 
the fatty acids can be presented in a nontoxic 
form by combination in a complex such as a poly- 
oxyethylene sorbitan ester (Tween), designated 
by a number according to its chemical composi- 
tion. Tween 80 is polyoxyethylene sorbitan 
monooleate. Tween 60 contains monostearate, 
and Tween 40 contains palmitate. Tweens are 
industrial chemicals that also contain unesteri- 
fied fatty acids, polyethylene glycols and other 
byproducts, which may inhibit growth or saturate 
the capacity of the absorbent. Impurities in 
Tweens may be removed before their use in cul- 
ture media by absorption with activated char- 
coal, followed by filtration to remove charcoal 
particles (Bey and Johnson, 1978b), polyvinylpy- 
rolidone treatment (Schiiberg, 1983), partition 
in lipid solvents or zeolite-silicic acid column 
chromatography (Kojima et al., 1984). 

Glycerol (200 mg/liter) enhances the growth of 
some leptospires. Pyruvate assists the growth of 
some strains from small inocula, notably Hardjo 
and Ballum. Pyruvate and CO 2 enhance colonial 
growth in solid media (Johnson et al., 1973). No 
other sources of carbon are recognized. 

Other Growth Requirements 

Ammonium ions, whether provided as ammo- 
nium salts or by the deamination of amino acids, 
are the only recognized nitrogen source. Cyano- 
cobalamin (vitamin B 12 ), thiamin (vitamin Bi) 
and for some strains biotin are required. Phos- 
phate is essential, as are calcium, magnesium and 
iron, optimally as Fe^^ or heme compounds such 
as hemoglobin or hematin. In practice, other 
compounds containing copper, manganese, and 
sulfate are added, particularly for isolation and 
maintenance of pathogens (Paine et al., 1999). 



Leptospira! Antigens 

Lipopolysaccharide 

Leptospiral LPS contributes to the pathology 
associated with disease and comprises the major 
surface component of leptospires (Fig. 4). Stud- 



ies with monoclonal antibodies have shown that 
LPS is the target for agglutinating and opsoniz- 
ing antibodies (Farrelly et al., 1987). Thus, LPS 
plays a key role in immunity to infection. Indeed, 
anti-LPS monoclonal antibodies provide passive 
protection against infection, and purified LPS 
can stimulate active immunity (Jost et al., 1986; 
Midwinter et al., 1990). As an agglutinating 
antigen, LPS is also important for serological 
classification of leptospires. 

Early reports of antigenic carbohydrate prep- 
arations extracted from leptospires used phenol, 
alkali, acetone or other solvents. Terms such as 
TM (for type-specific main) antigen, ESS (for 
erythrocyte-sensitizing substance), LLS (for 
LPS-like substance), or PAg (for protective anti- 
gen) have been used for these extracts, but all of 
them clearly contained LPS or LPS components 
as major constituents. The structure of LPS 
remains unknown. However, chemical analysis 
of leptospiral LPS showed the presence of com- 
mon hexoses, amino hexoses and pentoses, and 
some sugars found more rarely as LPS com- 
ponents, such as xylose and arabinose (Vinh 
et al., 1986; Vinh et al., 1989). Methylated and 
O-acetylated sugars have also been reported 
(Yanagihara et al., 1983). The detection of 2- 
keto-3-deoxyoctonate (KDO) in the LPS of L. 
interrogans serovar Copenhageni and L. borg- 
petersenii serovar Hardjo is consistent with a 
composition similar to that of typical Gram- 
negative LPS. 

Despite the structural, biochemical and immu- 
nological similarity of leptospiral LPS to Gram- 
negative bacterial LPS, it is at least 10-fold less 
toxic for animals or cells. Nevertheless, leptospi- 
ral LPS can activate macrophages and act as a B- 
cell mitogen (Isogai et al., 1990a; Isogai et al., 
1990b). It has been proposed that the reduced 
toxic activity is a result of the absence of 
p-hydroxy-myristic acid. The activation of 
macrophages occurs via the CD 14 and toll-like 
receptors TLR2, rather than via TLR4 as seen 
for the LPS of Gram-negative bacteria (Werts et 
al., 2001). Notably, TLR2 is commonly used as a 
receptor for Gram-positive bacteria and for 
other non-LPS components. 

Genetic analysis has identified the rfb loci 
involved in the biosynthesis of the LPS O-antigen 
in several leptospiral serovars. Rhamnose is a 
component sugar of all serovars analyzed to date. 
The four genes encoding enzymes required for 
the biosynthesis of dTDP-rhamnose from glu- 
cose were first cloned from serovar Copenhageni 
and shown to be functional by complementation 
of a defined S. flexneri mutant (Mitchison et al., 
1997). Genes encoding rhamnosyl transferases 
were found downstream of the rhamnose bio- 
synthetic cluster. Subsequent work delineated 
the rfb locus in L. borgpetersenii serovar Hardjo 
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(Kalambaheti et al., 1999). This locus contains at 
least 31 open reading frames (ORFs) that encode 
enzymes involved in the biosynthesis of activated 
sugars, glycosyl transferases, and sugar process- 
ing and transport proteins. Three sugar biosyn- 
thetic clusters are involved in the synthesis of 
rhamnose (orfs24-27), galactose, mannose and 
fucosamine (orfs6-ll) and a dideoxy-amino- 
hexose (orfsl8-20). By complementation of 
defined mutations in different Gram-negative 
species, orfl3 was shown to encode an enzyme 
with galactosyl transferase activity, whereas orf8 
and orflO were shown to encode the galactose 
epimerase, GalE, and an A^-acetyl glucosamine 
epimerase, respectively (Bulach et al., 2000). A 
putative flippase and O-antigen polymerase were 
also identified, as well as other glycosyl trans- 
ferases of unknown specificity. Leptospiral LPS 
thus appears to be assembled via the classical 
Wzy (Rfc) -dependent pathway. Interestingly, the 
L. horgpetersenii serovar Hardjo locus is 
bounded by insertion (IS1533) elements, raising 
the possibility of horizontal acquisition. In addi- 
tion, an IS5-like element is found between orfl4 
and orfl5. The rfb loci of serologically indistin- 
guishable representatives of serovar Hardjo from 
L. interrogans and L. horgpetersenii are similar, 
but the former lacks IS elements (De la Pea- 
Moctezuma et al., 1999). However, detailed com- 
parison of the sequences revealed that the L. 
interrogans locus consists of four segments. Two 
of these {or f 1-1 4 and orf21-22) resemble the L. 
horgpetersenii serovar Hardjo locus, whereas the 
or f 15-20 and orf23-31 clusters show greater 
sequence identity to loci of other L. interrogans 
serovars (De la Pea-Moctezuma et al., 1999). A 
comparison of the rfh loci of 14 other L. interro- 
gans serovars revealed conservation in the region 
from orfll to orf31. Genes upstream of orfll 
vary among serovars or show more genetic drift 
(De la Pea-Moctezuma et al., 2001). This 
region thus appears to encode biosynthetic 
enzymes and glycosyl transferases responsible 
for serovar specificity and some genes of 
unknown function. 

Protein and Lipoprotein Antigens 

A large number of protein antigens have been 
described in terms of recognition by convales- 
cent sera or following sodium dodecyl sulfate 
polyacrylamide gel electrophoresis (SDS- 
PAGE) analysis of whole cell lysates, but in most 
cases the proteins have not been identified or 
allocated to a particular cell component. Among 
the proteins described are a 62-kDa nonaggluti- 
nating subsurface genus-specific antigenic pro- 
tein in serovar Kremastos (Sakamoto et al., 
1985) and a variety of others in serovar Copen- 
hageni (Niikura et al., 1987). A 35-kDa L. 



interrogans species-specific nonagglutinating, 
nonopsonic protein antigen (lost et al., 1988) was 
related to outer envelope (OE) material in 
electron-microscopic immunogold staining, but 
probably originated from periplasmic material 
or the inner surface of the OE. 

The use of immunoprecipitation studies 
aimed at identifying surface exposed proteins 
led to the identification of OmpLl, a transmem- 
brane protein with porin activity that exists in a 
typical trimeric form in the leptospiral outer 
membrane (Haake et al., 1993; Shang et al., 
1995). Subsequent studies identified two outer- 
membrane lipoproteins, LipL36 and LipL41, 
produced in L. kirschneri. LipL36, containing 
palmitate, is exported with LipL41 and LPS to 
the outer membrane. Production of LipL36 
occurs more in the early log phase of growth in 
laboratory cultures than in the later stages and 
does not appear to occur when bacteria grow in 
vivo, that is, during infection, at least in the 
hamster kidney (Haake et al., 1998); however, 
these results do not preclude a role for LipL36 
at other stages of the infectious process. In con- 
trast, the major OMP, LipL32, as well as 
OmpLl, LipL41 and LPS, is expressed during 
growth in the hamster kidney (Haake et al., 
2000b; Zuerner et al., 2000). Although LipL32 is 
known to be located in the outer membrane, its 
precise membrane topology is not yet known 
(Fig. 4). LipL41 and OmpLl are highly con- 
served outer membrane proteins among patho- 
genic leptospires (Shang et al., 1996) and were 
the first, and to date only, protein antigens capa- 
ble of eliciting a protective immune response 
(Haake et al., 1999). The two proteins in combi- 
nation, but neither of them alone, could protect 
hamsters against lethal infection. Interestingly, 
the usual L-X-Y-C consensus cleavage sequence 
for transport and processing of Gram-negative 
lipoproteins varies substantially amongst spiro- 
chete lipoproteins, and the spirochete lipobox 
sequence of L(A/S)-L(V/F/I)-I(V/G)-A(S/G)-C 
has been proposed (Haake, 2000a; Zuerner 
et al., 2000). 

Flagellar Antigens 

In polyacrylamide gels, a doublet of 33-34 kDa, 
presumed to represent flagellar core proteins, 
reacts similarly in immunoblots with anti- 
leptospiral or anti-flagellar antisera (Kelson 
et al., 1988). Later work confirmed these obser- 
vations and recognized 7 different proteins; a 
34-kDa protein was associated with the core 
(measured as 11.3 nm) and a 36-kDa protein 
associated with a 21.5-nm diameter sheath fila- 
ment (Trueba et al., 1992). The fiaB gene has 
been cloned from L. horgpetersenii serovar 
Hardjo and expressed in E. coli. The 32-kDa 
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FlaB protein showed significant sequence simi- 
larity with FlaB homologues from Treponema 
pallidum, as well as from other Gram-negative 
and -positive bacteria (Mitchison et al, 1991). 
Sequences of flaB in Hardjobovis, Hardjopra- 
jitno and Grippotyphosa were highly conserved 
and recombinant FlaB crossreacted antigeni- 
cally between Grippotyphosa and Hardjobovis 
(Woodward and Redstone, 1994). Notably, the 
flaB gene was the first leptospiral gene to be 
inactivated by recombination-mediated allelic 
exchange (Picardeau et al., 2001). 

Heat Shock Proteins 

The operons encoding the major heat shock pro- 
teins, GroEL/GroES and DnaK, of Leptospira 
have been identified, cloned and sequenced 
(Ballard et al., 1993; Ballard et al., 1998). GroEL 
is a major immunogen recognized during infec- 
tion in humans and animals, but was shown to 
play no role in immunity to infection. Interest- 
ingly, the regulation of the heat shock response 
in Leptospira shows features of both Gram- 
positive and Gram-negative regulatory mecha- 
nisms. In particular, the genetic organization and 
regulation of the dnaK locus more closely resem- 
ble those of Gram-positive bacteria. 



Genetics 

The Leptospiral Genome 

The chromosome of Leptospira is characterized 
by a G-\-C content of 35-41 mol%, depending on 
species, with a genome size estimated to be ca. 
5000 kb, measured in pulsed-field gel electro- 
phoresis (PFGE) after digestion with Notl, Nhel 
or Apal (Baril and Girons, 1990). Using mainly 
the restriction enzymes Notl and 5^1, a physical 
and genetic map of L. interrogans serovar 
Pomona was constructed (Zuerner, 1991), indi- 
cating a genome size of ca. 4750 kb, similar to 
that of Icterohaemorrhagiae. The genome con- 
sists of two circular replicons, of approximately 
4750 kb and 350 kb (Boursaux-Eude et al., 1998). 
The large and the small replicons were regarded 
as chromosomes because the essential asd 
gene (for (3-semialdehyde dehydrogenase) was 
located on the smaller unit. The small replicon is 
present in pathogenic serovars examined and 
shows very little variation in size. A comparison 
of genetic maps for strains of L. interrogans sero- 
vars Icterohaemorrhagiae and Pomona indicated 
considerable heterogeneity and variability 
within the species L. interrogans, which involves 
rearrangements of large segments of chromo- 
some (Zuerner et al., 1993; Boursaux-Eude et al., 
1998). 



Ribosomal RNA Genes 

Both L. hiflexa {sensu lato) and L. interrogans 
{sensu lato) strains were shown to contain two 
ribosomal 23S rRNA genes, which not surpris- 
ingly cross-hybridized extensively with one 
another (Fukunaga and Mifuchi, 1989a). Two 
genes for 23S rRNA and for 16S rRNA, but only 
one for 5S rRNA, were found in L. interrogans 
serovar Canicola, each located far from other 
RNA genes. There were two 5S rRNA genes in 
L. hiflexa (Fukunaga and Mifuchi, 1989b), one of 
which was sequenced (Fukunaga et al., 1992). 
Pathogenic strains of leptospires contained only 
one highly conserved 5S rRNA gene (Fukunaga 
et al., 1992). The 23S rRNA was further pro- 
cessed to 14S and 17S rRNA, in a pattern seldom 
found in prokaryotes, in L. horgpetersenii sero- 
vars Hardjo (type Hardjoprajitno) and Balcanica 
(Hsu et al., 1990). The primary, and especially the 
secondary, structures of the 5S rRNA gene in 
pathogenic strains of leptospires were found to 
be well conserved, similar to one another, and 
essentially similar to eubacterial 5S rRNA. It is 
uniquely organized, existing as a single copy 
within the genome, encoding a 117-nucleotide- 
long RNA molecule. The gene is flanked at both 
the 5' and 3' ends by A+T rich sequences, with a 
promoter sequence in the 5' flanking region 
(Fukunaga et al., 1990; Fukunaga et al., 1991). 
The two genes for 5S rRNA in L. hiflexa strains 
were located several kb apart on the chromo- 
some, with divergent flanking sequences (Fuku- 
naga et al., 1992). Thus, in contrast to the 
situation in many other bacteria where the 16S 
{rrs), 23S (rr/) and 5S (rr/) rRNA genes are clus- 
tered and co-transcribed, those in Leptospira are 
widely scattered on the large chromosome (Baril 
et al., 1992; Saint Girons et al., 1992). 

IS Elements 

Although no compound transposons have been 
found in the genus Leptospira, Zuerner (1994) 
identified and characterized IS1555 from L. 
horgpetersenii. Multiple copies of IS1555 were 
present on the genome. Two proteins encoded by 
IS1555, expressed and functional in E. coli, were 
related to a family of IS-encoded transposases 
and recombinases. Subsequently, a PCR assay 
based on IS 1555 sequences was adapted for iden- 
tification of L. interrogans {sensu lato) strains. A 
similar IS element was reported in serovar 
Tarassovi (GenBank X77623). An IS5-like ele- 
ment, designated “ISlJOt?,” was present only in 
pathogenic leptospires (Boursaux-Eude et al., 
1995). The IS1500 insertions were present only 
on the large chromosome and appeared to coin- 
cide with genomic regions that had undergone 
rearrangement. This element was also used as 
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the basis for fingerprinting and epidemiological 
analysis of leptospiral isolates (Zuerner and 
Bolin, 1997). 

Interestingly, the serovar Hardjo (type Hard- 
jobovis, but not Hardjoprajitno) LPS biosyn- 
thetic locus is bounded by two IS 1555 elements 
(De la Pea-Moctezuma et al., 1999; Kalam- 
baheti et al, 1999). A second IS element was also 
found in an intergenic region of the Hardjobovis 
locus; it appeared to be intact and is related to 
the IS5 family, but no functional studies were 
performed (Kalambaheti et al., 1999). Similarly, 
an apparently intact IS1500 element was found 
to disrupt the orf35 gene in Ictero No. I, but not 
RGA, strains of serovar Icterohaemorrhagiae; 
this gene encodes a putative membrane protein 
within the LPS biosynthetic locus (De la Pea- 
Moctezuma et al., 2001). It has been speculated 
that the presence of these IS elements may reg- 
ulate gene expression, leading to differences in 
LPS structure, but there is no evidence yet for 
such a role. 

Heat Shock Genes 

The early branching of spirochetes (before 
Gram-positive and -negative bacteria; Woese, 
1987) is also reflected in the regulation of their 
heat shock response, which shows characteristics 
of both Gram-positive and -negative regulatory 
mechanisms. 

The groE and dnaK operons of Leptospira 
have been identified, cloned and sequenced 
(Stamm et al., 1991; Ballard et al., 1993; Ballard 
et al., 1998). The groE operon encoding the 
GroEL and GroES proteins exhibits features 
found in heat shock operons regulated by either 
Sigma^^ or CIRCE (controlling inverted repeat 
of chaperone expression; Zeilstra-Ryalls et al., 
1991; Zuber and Schumann, 1994). These are 
generally found in Gram-negative and Gram- 
positive bacteria, respectively. The CIRCE ele- 
ment was also found upstream of the dnaK locus, 
which contained the genes hrcA, grpE, dnaK and 
dnaJ (Ballard et al., 1998). The genetic organiza- 
tion and regulation of this locus are thus more 
like those in Gram-positive than in Gram- 
negative bacteria (Zeilstra-Ryalls et al., 1991; 
Zuber and Schumann, 1994). 

Genetic Exchange Systems 

Genetic analysis of Leptospira has been 
impeded by the lack of methods for the intro- 
duction of DNA into leptospiral cells. Standard 
methods such as transformation and gene inacti- 
vation have therefore not been available, and in 
this regard, work on Leptospira has lagged 
somewhat compared with advances in genetic 
exchange systems for other spirochetes. Early 



reports from the 1960s of bacteriophage-like 
particles in leptospires were not confirmed, but 
Saint Girons and her colleagues (Saint Girons et 
al., 1990) isolated and characterized three bacte- 
riophages, whose replication was limited to the 
saprophyte L. biflexa. One of these phages, LEI, 
was shown to replicate as a plasmid in L. biflexa 
and was used as the basis for the first L. biflexa- 
E. coli plasmid shuttle vector, pGKLep4 
(Saint Girons et al., 2000). An interesting fea- 
ture is the necessity for a selectable marker of 
Gram-positive origin, the kanamycin-resistance 
gene from Enterococcus faecalis. No shuttle 
vectors or other plasmids have yet been 
reported for the pathogenic leptospires. A 
restriction-modification system has been demon- 
strated, at least in L. biflexa (Brenot et al., 
2001b). 

There is only one published report of suc- 
cessful gene inactivation by recombination- 
mediated allelic replacement in Leptospira. The 
kanamycin-resistance gene from pGKLep4 was 
used to inactivate the flaB gene encoding the 
flagellar subunit protein in L. biflexa (Picardeau 
et al., 2001). Mutants were nonmotile and lacked 
flagella and hooked ends, but retained their heli- 
cal shape. The commonly used sacB gene was 
found to be an unsuitable counterselectable 
marker in L. biflexa, but the rpsL gene, which 
encodes the S12 ribosomal protein, was used to 
increase dramatically the number of double 
crossover transformants obtained. There are no 
published reports of allelic replacement in 
pathogenic leptospires. 



Identification Methods 

Serological Methods 

The conventional method for identifying the 
serovar of a leptospiral isolate (the cross- 
agglutinin absorption test) by definition relied on 
a comparison of the agglutinating antigens of the 
unknown isolate with those of known reference 
strains. Two strains were considered to belong to 
different serovars if more than 10% residual 
homologous agglutinating titer remained after 
exhaustive absorption of hyperimmune rabbit 
sera with the heterologous strain (Dikken and 
Kmety, 1978). Despite both the inherent variabil- 
ity and rather arbitrary nature of this test, the 
concept of serovar has stood the test of time, 
probably because in most cases discrimination at 
this level was meaningful in terms of epidemiol- 
ogy, host association and severity of disease. 
Nevertheless, this method of identification is 
expensive and time consuming and is now 
performed infrequently, and then only by spe- 
cialized reference laboratories; it is not recom- 
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mended. However, most of the more modern 
molecular identification and typing tests are 
judged by their ability to discriminate strains at 
about the level of the serovar. 

The use of panels of agglutinating monoclonal 
antibodies has allowed strains to be identified by 
comparison of their reactivity pattern with those 
of reference strains, thereby generating a finger- 
print for each serovar (Kolk et al, 1984; Terpstra 
et al, 1985; Terpstra et al, 1987; Korver et al, 
1988). Any laboratory that can perform the 
microscopic agglutination test can therefore 
serotype isolates with relative ease. 

Molecular Methods 

The reference method for delineation of bacte- 
rial species remains the degree of homology at 
DNA level, as determined by DNA hybridiza- 
tion (Wayne et al., 1987). However, the pro- 
cedure is cumbersome and unsuitable as a tool 
for identification. Restriction fragment length 
polymorphism (RFLP) based on polymerase 
chain reaction (PCR) amplification of either 16S 
rRNA or 23S rRNA genes has been shown to 
group strains in general agreement with their 
correct species designation (Ralph et al., 1993; 
Perolat et al., 1994). Probes derived from ran- 
dom primed PCR fingerprints were also able to 
discriminate at species level (Letocart et al., 
1997). 

At subspecies level, the first widely used 
method was restriction endonuclease analysis 
(REA) of whole genomic DNA (Marshall et al., 
1981). Despite the difficulty (due to the large 
number of fragments generated) in reading com- 
plex restriction profiles, the technique has pro- 
vided useful epidemiological information. For 
example, REA first identified the Hardjobovis 
and Hard] opr ajitno subtypes now known to 
belong to different species, as well as allowed 
discrimination of three subtypes of Hardjobovis 
(Thiermann et al., 1986). Similar subtypes have 
been identified within other serovars. All lep- 
tospiral genomes appear to have multiple copies 
of a range of insertion sequences; some of these 
have been used as targets for identification and 
molecular typing schemes (Zuerner et al., 1995; 
Zuerner and Bolin, 1997). 

Interestingly, and perhaps unexpectedly, the 
analysis by PFGE of restriction fragments gen- 
erated by digestion with rare cutting enzymes 
such as Not\ or SgrAl yielded unique patterns 
for most serovars (Herrmann et al., 1992; Herr- 
mann and Saint-Girons, 1993; Herrmann, 1994). 
In reality, PFGE has become accepted as the 
most appropriate and accurate molecular typing 
method. A disadvantage is the need for special- 
ized equipment and expertise. For this reason, a 
range of methods based on random amplification 



of chromosomal DNA has been reported (Paine 
et al., 1999; Levett, 2001); in general, they show 
good correlation with PFGE and can be per- 
formed readily by any laboratory with PCR 
capacity. 

Isolation, Cultivation 
and Preservation 

Growth in Liquid Media 

Leptospires are grown routinely in liquid media, 
sometimes supplemented with 0.1% agar for pri- 
mary isolation or for maintaining stock cultures. 
Recipes and details of culture media can be 
found in Paine et al. (1999). Incubation periods 
may be as long as 3-4 weeks for some pathogens. 
Obviously, much more care about sterility and 
avoidance of airborne contamination is required 
than when working with conventional bacteria 
grown overnight on solid medium in culture 
plates. Media are sterilized by filtration because 
of the presence of heat-labile essential constitu- 
ents, notably albumin. All containers, including 
holding vessels used prior to filtration, should be 
dry and all solutions should be heat sterilized 
or made with water that is heat sterilized be- 
cause leptospires exist in tap water and can 
pass through the 0.2 pm filters used for filter- 
sterilizing media. An alternative precaution is to 
heat media at 56°C for 30 min after final dispens- 
ing into working containers. 

Cultures are usually inoculated using rela- 
tively large inocula (1-10% of the volume of the 
new medium) using a pipette; the use of bacteri- 
ological loops for subculturing leptospires is not 
recommended. Shaking in air enhances the rate 
and amount of growth. Cotton plugs should be 
avoided in vessels used in the preparation of 
media or for cultivation because cotton contains 
toxic lipids, which melt or vaporize during auto- 
claving or incubation and contaminate the 
media. Screw-cap containers are best for cultures 
that require more than a day or two of incuba- 
tion to avoid dehydration. 

Media Containing Serum 

Numerous media containing dilute animal 
serum, usually rabbit serum, have been 
described, all buffered to about pH 7.2-7. 6 with 
phosphate and containing peptone and other 
common medium constituents (Faine et al., 
1999). Best results are obtained when the serum 
is slightly hemolyzed; hemolysis releases essen- 
tial iron and cyanocobalamin from the erythro- 
cytes. Probably the most commonly used 
medium containing serum is Korthof s medium 
(Korthof, 1932), in which a dilute phosphate- 
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buffered saline containing a small amount of 
peptone is supplemented with about 8-10% 
pooled, heated, slightly hemolyzed rabbit serum 
and finally sterilized by filtration. Most serum 
media precipitate phosphates during prepara- 
tion and sometimes afterwards, chelating metals 
in the process. Precipitates are a disadvantage 
when dark-field microscopy has to be used to 
check growth or end-points in a microscopic 
agglutination test for leptospiral antibodies. 

Serum-free Media 

Studies of the minimal nutritional requirements 
for growth of pathogenic leptospires led to the 
development of a serum-free, oleic-acid albumin 
medium and derivatives containing Tweens as 
the sources of fatty acids, with serum albumin as 
a detoxifier, such as the widely used, commer- 
cially available Ellinghausen-McCullough- 
Johnson-Harris medium (EMJH). Bovine serum 
albumin (BSA) for use in culture media is expen- 
sive. Each batch, even from the same supplier, 
must be checked for its ability to support the 
growth of a range of serovars and strains. BSA 
quality can be improved by extracting it with fat 
solvents (methanol, chloroform, and ether) 
before drying and weighing. 

Protein-free Media 

Protein-free media (Shenberg, 1967; Bey and 
Johnson, 1978b; Christopher et al., 1982) are 
those in which conditions are balanced and 
ingredients are selected or purified to avoid tox- 
icity. Their main application is in use for vaccines 
(Marshall et al., 1979) where BSA is unaccept- 
able because of the risks of hypersensitivity or 
autoimmune reactions in vaccinated animals or 
people. Success in their use depends on scrupu- 
lous care and attention to detail in water purifi- 
cation. Use fresh double-glass distilled water in 
preference to deionized water and take excep- 
tional care in cleaning glassware to avoid all 
traces of lipids. Tweens must be cleaned freshly 
before use because they autoxidize to form 
traces of toxic fatty acids and peroxides on stor- 
age; likewise, the media have a limited shelf life. 
Strains usually need to be adapted to grow in 
protein-free media and subcultured every few 
days. Otherwise they die quite suddenly, proba- 
bly as a result of endogenous lipases produced 
by the developing leptospires acting on the 
Tweens in the medium, releasing toxic, lytic lip- 
ids that cannot be absorbed in the absence of 
a detoxicant. Low-protein media (Bey and 
Johnson, 1978b; Christopher et al., 1982) con- 
taining 0.1% or 0.01% BSA are sometimes used 
as a compromise to cultivate strains that cannot 



be adapted to protein-free media or for mainte- 
nance of strains in protein-free medium. 

Growth on Solid Media 

Any liquid medium can be solidified by the addi- 
tion of agar. The liquid medium may be made 
up double-strength, sterilized by filtration, and 
warmed to 45°C. Double the required concentra- 
tion of agar in water is autoclaved, cooled to 
45°C, and combined in equal volumes with the 
medium, mixed thoroughly and dispensed. 
Media solidified with 0.8-1% agar will support 
the growth of subsurface colonies, even after sur- 
face inoculation. Surface colonies can be seen 
on media with concentrations of 1.2-2% agar. 
Colonies can be visualized before they can be 
seen by eye if the redox dye and indicator (2-6- 
dichlorophenol-indophenol) is added (1 : 100,000) 
to the medium. A zone of colorless or pink decol- 
oration of the blue dye precedes the appearance 
of leptospiral growth by 1-2 days at the position 
where the colony will appear. 

Selective and Differential Media 

Difficulties in the use of solid media and the risk 
of contamination on prolonged incubation or 
when attempting to isolate leptospires from nat- 
ural sources, such as soil, mud, animal tissues or 
carcasses or body fluids, have led to the develop- 
ment of several selective media that contain 
various inhibitors of other bacteria. These 
include 5-fluorouracil (50-1000 qg/ml; Johnson 
and Rogers, 1964a); a combination of nalidixic 
acid (50 pg/ml), vancomycin (10 pg/ml), and 
polymyxin-B -sulfate (5 units/ml; Schiiberg 
et al., 1980); or a combination of actidione 
(100 qg/ml), bacitracin (40 qg/ml), 5-fluorouracil 
(250 pg/ml), neomycin sulfate (2 pg/ml), poly- 
myxin B (0.2 qg/ml) and rifampicin (10 qg/ml; 
Adler et al., 1986). Prompt subculturing, after 
not more than 2 days, into media free of inhibi- 
tors is recommended. Saprophytic leptospires 
can be cultured selectively in medium containing 
8-azaguanine (225 pg/ml); the same medium will 
differentiate saprophytes, which will grow in it, 
from pathogens, which will not. 

Purification of Contaminated Cultures 

Leptospires pass through filters of average pore 
diameter 0.2 pm, which hold back most other 
bacteria. The contaminated culture is filtered, 
and the filtrate inoculated into fresh medium. An 
older method of decontamination is to inoculate 
a mouse intraperitoneally with approximately 
0.5 ml of the culture and then bleed the mouse 
by heart puncture under anesthesia after about 
15 min. Leptospires invade the bloodstream 
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faster than other bacteria, so they can be selec- 
tively recovered from the blood. Hamsters or 
guinea pigs are also suitable. 

Preservation 

A variety of methods have been reported over 
the years for long-term preservation of Lep- 
tospira strains. The authors’ experience is that 
storage in liquid nitrogen is the most suitable 
method for preserving viability, antigenicity and 
virulence for many years. A simple protocol 
involves the addition of 5-10% dimethyl sulfox- 
ide (DMSO) to late log phase cultures in EMJH 
medium, followed by slow cooling to -70°C; this 
is readily achieved by wrapping vials in a thick 
layer of cotton wool in a -70°C freezer. The vials 
are then transferred to liquid nitrogen the next 
day. 

Clinical and Epidemiological 
Aspects of Infection and Disease 

It is beyond the scope of this brief section to 
provide the details of the varied clinical aspects 
of infection with Leptospira in humans and ani- 
mals. The reader is referred to the following 
books, chapters or reviews for detailed informa- 
tion on specific findings and clinical presenta- 
tions in leptospirosis: Bolin (1996), Paine (1998), 
Paine et al. (1999), and Levett (2001). 

General Features 

Leptospirosis is in most instances an acute, 
febrile illness occurring in humans or animals all 
over the world. In humans, the disease is always 
contracted from an animal source; human-to- 
human transmission is for practical purposes 
nonexistent and the disease is regarded globally 
as a zoonosis. Pathogenic leptospires live in the 
proximal renal tubules of the kidneys of carriers, 
although other tissues and organs may also serve 
as a source of infection. From the kidneys, lepto- 
spires are excreted in urine and may then con- 
taminate soil, surface water, streams and rivers. 
Infections of animals or humans occur from 
direct contact with urine or indirectly from con- 
taminated water. The carriers may be wild or 
domestic animals, especially rodents and small 
marsupials, cattle, pigs and dogs. Almost every 
mammal (including aquatic mammals) and mar- 
supial has been shown to be a carrier of lepto- 
spires. Humans almost never become chronic 
carriers, but suffer acute infections, sometimes 
with longer-term sequelae. 

Leptospirosis in humans varies in severity 
according to the infecting serovar of Leptospira 



and the age, health and nutrition of the patient. 
It ranges from a mild influenza-like illness to a 
severe infection with renal and hepatic failure, 
pulmonary distress, myocarditis, hemorrhages 
and death (Weil’s disease). Congenital infection 
occurs in humans and in animals, where it 
causes loss of productivity in livestock through 
abortion, still-birth or loss of milk production or 
failure to thrive. There is a worldwide strong 
occupational association with animal production 
(dairy farming, pig production, and abattoirs) 
and a universal risk from rodent-carrier- 
mediated infection, especially prevalent in trop- 
ical countries, where many serovars may be 
present in a locality. It is important to recognize 
and identify the infecting leptospires for clinical 
and epidemiological reasons. There are charac- 
teristic associations of particular serovars with 
certain species of animals as carriers, but the 
association is not absolute and the molecular 
basis for any such host “specificity” is unknown. 
The main associations recognized throughout 
the world are serovars Hardjo with cattle, 
Pomona with pigs, cattle, and rodents, and 
Icterohaemorrhagiae, Copenhagen!, Bataviae, 
Autumnalis, Australis, and Zanoni with rats and 
a wide range of small rodents, which may 
become lifelong carriers. 

The renal carrier state is thus a key component 
that is central to the persistence and epidemiol- 
ogy of leptospirosis. Leptospires colonize the 
surfaces of renal proximal tubular epithelial 
cells. They may persist there for periods of weeks 
to years, often for the lifetime of the animal in 
some leptospiral serovar-host associations, espe- 
cially rodents. The molecular basis for this 
bacterial-cell association is unknown and specific 
adhesion factors have not been described. The 
ability of leptospires to bind fibronectin via spe- 
cific fibronectin-binding proteins may be of sig- 
nificance in their ability to colonize epithelial 
surfaces (Merien et al., 2000). Excretion in urine 
may be intermittent or continuous and the uri- 
nary concentration of bacteria may be as high 
as 10^/ml. Antileptospiral immunoglobulin is 
present in the tubular and bladder urine but does 
not kill the leptospires, probably because of the 
absence of complement. Leptospires do not sur- 
vive well in acid urine, but remain viable in alka- 
line urine. Consequently herbivores and animals 
whose diet produces an alkaline urine are rela- 
tively more important as shedders than are 
producers of acid urine. 

Leptospirosis in Humans 

Leptospirosis commences suddenly with head- 
ache, fever (typically to 102°F, 39°C), malaise, 
myalgia, conjunctival suffusion (red eyes) and 
sometimes a transient rash on the palate and 
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skin. Thereafter the illness may be mild and self- 
limiting or severe and possibly fatal. The mild 
type may be serious and incapacitating, but 
seldom leads to kidney or liver failure, hemor- 
rhages or death. 



Mild Leptospirosis 

This description is applicable worldwide to 
illness characteristically seen in infection with 
serovars Hardjo, Grippotyphosa or Pomona, but 
also with others. On the other hand, infection 
with some of these usually milder serovars can 
occasionally lead to severe leptospirosis, which 
may be life threatening. Human infection with 
Pomona may lead to renal failure, while severe 
cholecystitis has been reported for Hardjo infec- 
tions. Tlie initial symptoms may be followed by 
a transient remission, in 3-5 days, which may 
then proceed to an exacerbation and include 
aseptic meningitis, renal failure and abdominal 
or chest pains, reflecting the generalized pathol- 
ogy. Clinical differential diagnosis is required 
between leptospirosis and severe influenza, viral 
meningitis, acute abdominal conditions or glom- 
erulonephritis. Recovery is usually complete but 
weakness, tiredness, depression, and even psy- 
chosis may prevent a return to normal living for 
weeks or months. Reports of chronic or recur- 
rent leptospirosis have usually not been ade- 
quately proven or investigated, but there is 
sufficient anecdotal evidence for at least some of 
these claims to be taken seriously. A clear asso- 
ciation was described between uveitis following 
leptospiral infection and the presence of lepto- 
spires (detected by PCR) in the anterior cham- 
ber of the eye (Chu et al., 1998). 

Severe Leptospirosis 

Characteristically this is seen in severe infections 
with serovars Icterohaemorrhagiae, Copen- 
hageni, Lai and others. The illness worsens, usu- 
ally rapidly after onset, so that renal failure 
appears within 7-10 days, sometimes accompa- 
nied or followed by skin and mucosal hemor- 
rhages, jaundice, hemoptysis, myocarditis, or 
liver failure, leading to death if untreated. Case 
fatality rates approaching 20% have been 
reported (Everard et al., 1995). A more recently 
recognized respiratory manifestation involves 
severe pulmonary edema and hemorrhages, 
which have been the main cause of death in some 
epidemics (Shim et al., 1980; Zaki and Shieh, 
1996). As with mild leptospirosis, chronic, long- 
term sequelae have been reported, but fre- 
quently not investigated fully. The host and 
microbial factors, which may lead to long-term 
persistence, are unknown. 



Leptospirosis of either type in pregnancy car- 
ries the risks of intrauterine infection and fetal 
death. 

Acute Leptospirosis in Animals 

Acute leptospirosis is similar in all animals. In its 
most flagrant form, it is manifested by listless- 
ness, loss of appetite, irritability, fever, ruffled 
fur, red eyes, and sometimes diarrhea, occurring 
3-7 days after infection. There may be signs of 
hemorrhages and jaundice. Movement is accom- 
panied by a characteristic arching of the back. 
Recovery may occur from here, or death may 
supervene. Recovery may be accompanied, or 
followed, by weight loss, runting in young ani- 
mals, chronic renal failure and its signs, and 
delayed death. In milk-producing cattle, there 
may be disturbance of milk flow and quality. 
Congenital infection of fetuses in utero follows a 
similar course, leading to abortion if the fetus 
dies. The abortion products may be hemorrhagic 
or jaundiced or both; they may be heavily loaded 
with leptospires and a danger to animal handlers. 
Stillborn fetuses may likewise be hemorrhagic, 
jaundiced and infectious. Less severe infections, 
ranging down to the clinically unapparent, occur 
frequently. 

Chronic Leptospirosis in Animals 

The chronic persistence of leptospirosis in ani- 
mals is the central feature that maintains the 
cycle leading to fresh infection of new animal 
hosts. In this sense, humans are an accidental 
host and are irrelevant in the maintenance of 
leptospires in the environment. Animals that 
have recovered from acute leptospirosis may 
develop a carrier condition in which leptospires 
grow and may remain in the renal tubules for 
periods of days to years. From here they are 
passed out in the urine. Leptospires may also 
persist in other organs, notably the genital tract, 
the brain and the eye. In horses especially, recur- 
rent, autoimmune uveitis is well documented 
and involves crossreactivity of anti-leptospiral 
antibodies with host ocular tissue (Lucchesi and 
Parma, 1999). 

Pathogenesis 

Leptospires enter through small cuts or abra- 
sions, via mucous membranes such as the con- 
junctiva or possibly through wet skin. They 
spread immediately and circulate in the blood- 
stream. This bacteremic phase lasts for about 1- 
7 days. After the numbers of leptospires in the 
blood and tissues reach a critical level, lesions 
(due to the action of undefined leptospiral 
toxin(s) or toxic cellular components) and con- 



CHAPTER 4.4 



The Genus Leptospira 307 



sequent symptoms appear. The primary lesion 
is damage to the endothelium of small blood 
vessels leading to localized ischemia in organs, 
resulting in renal tubular necrosis, hepatocellular 
damage, meningitis, myositis and placentitis. 
Hemorrhages occur in severe cases as do jaun- 
dice and frequently, platelet deficiency. There is 
usually a mild granulocytosis and splenomegaly. 
Once circulating antibodies appear, leptospires 
are removed from the circulation and tissues by 
phagocytosis, following opsonization. Tissue 
damage, even though it is severe, may be revers- 
ible and followed by complete repair (e.g., of the 
kidney and liver) although long lasting damage 
(e.g., myocarditis) may be a complication and 
may lead to scarring, well recognized in the kid- 
neys of pigs and dogs, where it may be observed 
macroscopically as “white spots.” 

Epidemiology 

Leptospirosis occurs worldwide wherever there 
is a risk of direct or indirect contact with the 
urine or kidneys of infected animals or their 
infected conception products. The organisms die 
when dry or in acid conditions (pH <7.0), so that 
transmission is confined to wet environments 
or circumstances. The most frequent sources of 
infection are urine, kidneys, and surface of 
stream waters contaminated with infected urine. 
Infection is not transmitted by ingestion of food 
or by inhalation of airborne particles. 

Sources of nonoccupational leptospirosis in 
temperate climates are mainly rodents, dogs, lei- 
sure activities and travel (e.g., hobby farming, 
rafting, camping, boating and swimming), affect- 
ing city and rural dwellers. City dwellers may 
also be occupationally exposed (e.g., sewer 
workers, drainers, slaughter men, cattle-yarders, 
butchers, meat inspectors, and veterinarians). 
Rural dwellers are always at risk, especially in 
tropical countries where they are in close contact 
with potentially infected field or domestic 
rodents and with domestic animals in a warm, 
wet climate, usually without considerations of 
protective clothing or footwear. Their habitation 
is often subjected to flooding. In temperate 
climates, carriers (pigs, cattle and dogs) are 
the most important sources of leptospirosis in 
humans. 

Treatment 

Antibiotic treatment is effective within the first 
7-10 days of infection. It should be given imme- 
diately on diagnosis or suspicion. Rapid effective 
antibiotic treatment can reduce the progression 
of symptoms and the likelihood of sequelae, 
thereby preventing the more severe manifesta- 
tions of infection. 



Antibiotics will eliminate leptospires from 
accessible tissues but will not reverse already 
established pathological changes, which must run 
their course and be treated symptomatically or 
by appropriate supportive therapy. The antibi- 
otic of choice is benzyl penicillin by injection in 
doses of 5 mega units per day for 5 days. A vari- 
ation is to give half the dose in procaine penicil- 
lin for the first 2 days of the regime. Patients 
genuinely allergic to penicillin may be given 
erythromycin, 250 mg four times daily for 5 days. 
Doxycycline (100 mg twice daily orally for 10 
days) is also recommended for patients who can 
tolerate oral therapy. Tetracyclines were used 
previously but are contraindicated in patients 
with renal insufficiency (which occurs in almost 
all), in children or in pregnant women. They have 
no place nowadays where alternatives are avail- 
able. Doxycycline has also been used as a pro- 
phylactic for short-term exposure, but it is not 
recommended for routine continuous use or for 
long-term occupational exposure. 

Virulence Factors 

The mechanisms by which leptospires cause host 
tissue damage and disease are not well defined. 
In particular, the molecular basis for virulence 
remains unknown, owing mainly to the absence 
of genetic tools for the manipulation of Lep- 
tospira. There have been reports dating back 
many years of pathogenic mechanisms, but in 
almost all cases the specific leptospiral compo- 
nents responsible for the activity investigated 
have not been identified. 

For example, virulent leptospires were shown 
to adhere to cultured renal tubular epithelial 
cells (Ballard et al., 1986), while the adhesion to 
cultured fibroblasts was enhanced by antibody 
(Vinh et al., 1984); in neither case were the lep- 
tospiral adhesins identified. Virulent leptospires 
are resistant to complement and to killing by 
neutrophils in nonimmune hosts (Cinco and 
Banfi, 1983a; Wang et al., 1984), but are rapidly 
killed by either mechanism in the presence of 
specific antibody (Anderson and Johnson, 1968; 
Vinh et al., 1982; Farrelly et al., 1987). There is 
no unequivocal evidence for a classical secreted 
toxin in Leptospira; indeed, in the kidneys of 
experimentally infected guinea pigs, endothelial 
damage was closely associated with the presence 
of remnants of leptospiral cells (de Brito et al., 
1992). The ability of leptospires to invade Vero 
cells and to induce apoptosis in macrophages was 
correlated with virulence (Merien et al., 1997). 
Significantly, both properties were lost very rap- 
idly upon in vitro subculture. A cytotoxic, gly coli- 
poprotein fraction was shown to inhibit host 
ATPase (Younes-Ibrahim et al., 1995), but the 
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activity was probably due to the presence of 
long-chain fatty acids (Burth et al, 1997). Like- 
wise, the molecular basis for chemotaxis towards 
hemoglobin (Yuri et al, 1993) has not been 
defined. A 36-kDa fibronectin-binding protein 
was identified in a virulent strain of Icterohaem- 
orrhagiae but was absent in an avirulent variant 
and in a saprophytic strain (Merien et al., 2000); 
the variant was not genetically defined. 

Hemolysins sphgenes have been reported in a 
number of leptospiral serovars. Not surprisingly, 
therefore, a range of genes encoding sphingomy- 
elinases, which are either cell-associated and/or 
extracellular, has been identified in different 
Leptospira species. Segers et al. (1990) cloned a 
gene, sphA, encoding a cell-associated sphingo- 
myelinase C enzyme in L. horgpetersenii serovar 
Hardjobovis. Similar sequences were identified 
in all pathogenic strains tested, but were not 
present in nonpathogenic serovars (Segers et al., 
1992). The enzyme activity appeared to be extra- 
cellular in Canicola and Pomona. On the basis of 
hybridization and cloning experiments, at least 
seven other 5'p/zA-like genes were detected 
among the pathogenic species of Leptospira. A 
gene designated “sphB'' was cloned from L. 
horgpetersenii, L. weilii and L. santarosai, 
whereas hybridization studies suggested the 
presence of a third, related gene, sphC. Within 
the species L. interrogans. L. noguchi and L. 
kirschneri, an additional five sph genes were 
identified. A further sphingomyelinase, SphH, 
identified in serovar Lai, was postulated to be a 
pore-forming hemolysin (Lee et al., 2000). Pre- 
liminary studies indicated that SphA and SphB 
do not elicit a protective immune response. The 
significance in pathogenesis and/or immunity of 
the other sph genes remains undetermined. 

The biological activity of leptospiral LPS and 
its potential role in pathogenesis is described 
under Leptospiral Antigens. 



Immunity and Vaccines 

Immunity to Infection 

Immunity in leptospirosis is predominantly, and 
probably exclusively, humorally mediated. There 
is no convincing published evidence for a role for 
cellular immunity in protection from infection. 
Immunity can be readily transferred by convales- 
cent human or animal serum, by experimentally 
produced antiserum, or by appropriate mono- 
clonal antibodies (Mabs) such as those against 
polysaccharide epitopes of leptospiral LPS, 
which protected guinea-pigs, hamsters, dogs and 
monkeys against lethal infection (lost et al., 
1986; Schoone et al., 1989). MAbs against LPS 
determinants are agglutinating and opsonic 



(Adler and Paine, 1983; Farrelly et al., 1987), and 
in the presence of specific antibodies, leptospires 
are rapidly phagocytosed by macrophages and 
neutrophils, both in vitro and in vivo (Paine, 
1964; Cinco et al., 1981; Vinh et al., 1982; Cinco 
and Banfi, 1983b; Farrelly et al., 1987). In addi- 
tion, lysis of leptospires occurs in the presence of 
antibodies and complement within minutes of 
exposure in the laboratory (Anderson and 
Johnson, 1968). LPS is highly antigenic whether 
in its native form in whole or disintegrated lep- 
tospires or in chemically purified form, and 
immunization with purified LPS or LPS compo- 
nents elicits protective immunity (lost et al., 
1989; Midwinter et al., 1990; Midwinter et al., 
1994; Masuzawa et al., 1996). Significantly, LPS 
is a major antigen recognized by human and ani- 
mal convalescent sera (Chapman et al., 1988; 
Chapman et al., 1991; Guerreiro et al., 2001), and 
immunity following naturally acquired infection 
is restricted to serovars with serologically related 
LPS. Early work on immunity amongst antigen- 
ically unrelated serovars (Kemenes, 1964; Plesko 
and Lataste-Dorolle, 1970; Plesko and Hlavata, 
1971) has not been confirmed; the responsible 
antigens were not identified. 

There is only one published report of unequiv- 
ocal protective immunity elicited by non-LPS 
antigens (Haake et al., 1999). Immunization of 
hamsters with E. coli membrane fractions con- 
taining a combination of OmpLl and LipL41 
induced significant protection against homolo- 
gous challenge with L. kirschneri serovar Grip- 
potyphosa. No protection was observed with 
either antigen administered alone. Interestingly, 
nonmembrane-associated forms of the antigens 
were not protective, even when used in combi- 
nation, leading the authors to suggest that the 
manner in which these proteins associate with 
the membrane is important in the induction of a 
protective immune response. 

Leptospiral Vaccines 

Prevention against leptospirosis without vaccina- 
tion is difficult. Measures for occupational 
hygiene such as protective clothing and avoid- 
ance of splash from urine or water are often use- 
ful but hard to implement because they impede 
work or are unacceptable to both workers and 
employers. For example, it is not practicable to 
advise dwellers in tropical villages to avoid haz- 
ardous activities like contact with pigs and other 
livestock or dogs and walking or working in wet 
conditions, including in soil or water, such as rice 
paddies, contaminated by the animals’ urine. 

Vaccines for humans and animals have been 
used since the 1920s; almost all of them were 
prepared from whole leptospiral cells killed by a 
variety of methods, including heat, formalin. 
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phenol, irradiation, etc. (Paine et al, 1999). The 
use of undefined, live avirulent, attenuated, or 
saprophytic leptospires (Stalheim, 1968; Rottini 
et al., 1972) has not gained acceptance. Many of 
these early preparations were too reactogenic for 
widespread human use. Attempts to reduce reac- 
togenicity have included the use of protein-free 
media for growth of leptospires (Shenberg and 
Torten, 1973; Marshall et al., 1979; Christopher 
et al., 1982; Bey and Johnson, 1983) and the use 
of subcellular fractions (Bey et al., 1974; Bey and 
Johnson, 1978a; Bey and Johnson, 1982), the 
active component of which was almost certainly 
LPS. 

Nevertheless, human vaccines containing 
whole killed leptospires have been used success- 
fully in China following floods resulting in expo- 
sure of large populations to risk of leptospirosis 
(Chen, 1985) and in Japan and Vietnam. Gener- 
ally, vaccines contain two or more locally preva- 
lent serovars. For example, a trivalent killed 
vaccine was recently developed in Cuba follow- 
ing the unavailability of an imported vaccine 
(Martinez Sanchez et al., 2000). In all cases, 
repeated annual revaccination is recommended 
to retain immunity. As with natural infection, 
immunity is restricted to antigenically related 
serovars. 

Vaccination of livestock can reduce urinary 
shedding and risk to human handlers especially, 
and perhaps only, when associated with a high 
level of education, awareness, and hygiene in the 
community and with support from the agencies 
responsible for administration of human and 
veterinary public health. Prenatal vaccination of 
sows protects young piglets from acute lep- 
tospirosis, but not from being carriers as adults 
because the acquisition of infection after mater- 
nal immunity wanes (Millar et al., 1987), thus 
failing to reduce the risks to handlers, slaughter 
men and other meat-workers. Traditionally, the 
ability of vaccines to elicit the production of 
agglutinating antibodies has been considered a 
reasonable measure of their efficacy. However, 
this association has been refuted at least for 
Hardjobovis infection in cattle, in which high 
levels of circulating antibody did not protect 
cattle against ocular challenge, thought to mimic 
more closely the natural challenge route (Bolin 
et al., 1989). Vaccines that are efficacious in this 
immunization-challenge model may stimulate 
either cellular immunity or antibodies against 
unknown nonagglutinating antigens. 

Diagnosis 

Clinical diagnosis of leptospirosis in humans 
requires the confidence of current experience 
supported by laboratory confirmation. The 



symptoms, while characteristic, are not pathog- 
nomonic. The epidemiological environment, 
clinical history, symptoms and findings on physi- 
cal examination may allow a clinical diagnosis, 
but usually laboratory diagnosis is required. The 
main clinically useful features are the sudden 
onset of severe headache and fever, almost 
invariable proteinuria and initially mild or tran- 
sient nitrogen retention, palatal and skin rash, 
conjunctival suffusion, and extreme muscle ten- 
derness, especially in the calf and back muscles. 
Presenting symptoms may mimic or indeed 
result from an abdominal emergency (e.g., acute 
cholecystitis), hemorrhages (hemoptysis), renal 
failure or liver failure (jaundice). 

In addition to general laboratory tests for 
meningitis, liver function, renal function and 
hematological parameters (Paine et al., 1999; 
Levett, 2001), specific microbiological tests are 
necessary. Diagnosis of leptospirosis is essen- 
tially similar in humans and animals. The same 
laboratory tests are available and useful. Check- 
lists for the diagnosis of leptospirosis in humans 
and animals may be found in Paine et al. (1999). 

Culture of Leptospires 

As with other bacterial infections, culture and 
identification of the causative organism provides 
unequivocal proof of infection. Much mythology 
surrounds the perceived difficulty of culture of 
leptospires from clinical material. However, the 
success rate with blood culture can be very high 
if appropriate procedures are followed. Lepto- 
spiremia commences before the onset of symp- 
toms and usually declines by the end of the first 
week. Blood cultures must therefore be taken as 
early as possible and before the initiation of anti- 
biotic therapy. Best results are achieved when 
medium is inoculated at the bedside with freshly 
drawn blood. A recommended protocol involves 
the inoculation of 3 bottles of 5-10 ml EMJH 
medium with 1, 5 and 20 drops of blood; too 
much blood can be inhibitory. Provided that 
proper aseptic procedures are followed, the use 
of selective media for blood cultures is not rec- 
ommended. Although leptospires may survive 
for a few days in conventional blood culture 
media (Palmer et al., 1984), reliance on this is not 
recommended. Cultures should be incubated at 
28-30°C and examined by dark field microscopy 
at least weekly for the presence of leptospires; 
positive cultures should be subcultured immedi- 
ately. Cultures may need to be kept and observed 
for several weeks before being discarded as neg- 
ative. The use of semisolid media is said to 
increase the isolation rate, but this has not been 
the authors’ experience. 

If cerebrospinal fluid (CSF) is taken for other 
investigations, it should be cultured similarly to 
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blood. Urine culture in humans is rarely produc- 
tive because the survival of leptospires in voided 
urine is poor. Urine must therefore be cultured 
immediately into selective medium. 

The use of animal inoculation for primary iso- 
lation of leptospires is in most cases not practical 
and is not recommended. 

Clearly, the slow growth rate of leptospires 
means that in many cases, a positive culture pro- 
vides a confirmatory diagnosis. However, in 
addition to individual diagnosis, it is critical that 
isolations of locally prevalent serovars are made 
for epidemiological purposes and also for possi- 
ble use as antigens for serodiagnosis. 



Direct Observation 

Direct observation of leptospires in blood and 
CSF is of very limited diagnostic value; it is not 
sufficiently sensitive and extremely time consum- 
ing. Theoretically 10"^ bacteria/ml would yield 
one organism per microscope field, but in reality 
the sensitivity is at least 10- to 100-fold lower. 
An additional problem is the presence in blood 
of fibrin strands, which appear to the inexperi- 
enced eye as leptospires, so-called “pseudo- 
spirochetes.” However, unequivocal observation 
of leptospires by experienced personnel will pro- 
vide a rapid presumptive diagnosis and facilitate 
patient management. 

In situ staining by immunofluorescence, immu- 
nohistochemistry or silver deposition is routinely 
used for the detection of leptospires in veteri- 
nary histopathology, where it serves an impor- 
tant role (Ellis, 1986; Chappel et al., 1992). 
However, these methods have been largely sup- 
planted by PCR-based detection methods. 



Antigen Detection 

There have been several reports in the literature 
of the use of various immunoassays for the detec- 
tion of leptospiral antigens, including enzyme 
immunoassay (El A), radioimmunoassay (RIA), 
and chemiluminescence. However, they have 
suffered from sensitivity problems and have not 
gained widespread acceptance. 



Molecular Diagnostic Procedures 

The availability of PCR technology has made 
possible the rapid and sensitive detection of lep- 
tospiral DNA in a variety of clinical samples 
from humans and animals, including serum, 
urine, CSF, aqueous humor and various organ 
tissues (see Levett, 2001, for a more extensive 
review). The most frequent target sequences for 



amplification have been 16S and 23S rRNA 
genes (Hookey, 1992; Merien et al., 1992), IS 
elements (Zuerner et al., 1995; Zuerner and 
Bolin, 1997) or sequences of unknown function 
derived from random genomic libraries 
(Gravekamp et al., 1993). None of the published 
PCR primers can identify target sequences to 
serovar level, and a rational PCR-based detec- 
tion and identification method must await the 
unequivocal identification of leptospiral genes 
encoding serovar specificity, most probably 
within the rfb EPS biosynthetic locus. In an anal- 
ogous situation, a rational PCR-based system 
was reported recently for Pasteurella multocida, 
based on defined genes encoding specificity of 
capsular polysaccharide antigens (Townsend et 
al., 2001). 

Serological Diagnosis — Microscopic 
Agglutination Test 

The great majority of cases of leptospirosis in 
humans and animals are diagnosed serologically. 
The “gold standard” for serodiagnosis remains 
the microscopic agglutination test (MAT) in 
which agglutination of live or killed leptospires 
by patient serum is assessed by dark field micros- 
copy. Detailed methods and protocols for the 
performance of the MAT may be found else- 
where (Faine, 1982; Faine et al., 1999). As with 
blood culture, an undeserved negative mythol- 
ogy surrounds the MAT. It is in fact one of the 
most sensitive and specific serological tests avail- 
able, and when performed correctly by trained 
experienced personnel, it is reliable and 
reproducible. In the authors’ opinion, the often- 
quoted drawbacks of occupational danger to lab- 
oratory staff and the need to maintain live cul- 
tures of Leptospira are overstated. However, it 
does remain a test that is in general performed 
by specialized laboratories because both the test 
and the culture of leptospires require particular 
expertise. As with other serological tests, a four- 
fold rise in titer in paired sera is the accepted 
criterion for definitive diagnosis. A single high 
titer (400 or higher) in a nonendemic area, 
together with appropriate clinical and epidemio- 
logical history, is highly suggestive of current or 
very recent infection, whereas similar findings in 
endemic areas may require further confirmation. 
Titers of greater than 100,000 may be observed 
with infections by some serovars, especially 
those of the Icterohaemorrhagiae serogroup 
(Alston and Broom, 1958). Conversely, very low 
maximal titers (less than 100) have been 
reported with Hardjo infections in both humans 
(Christmas et al., 1974) and animals and with 
Bratislava infections in animals (Ellis, 1991). 
Typical titers against Hardjo are in the order of 
400 to 1600. Antibiotic therapy may reduce. 
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delay, or, rarely, abrogate completely the anti- 
body response. 

A battery of serovars representing those prev- 
alent in each geographical area must be included 
in the panel used for MAT, and it is recom- 
mended that fresh, authenticated strains be 
obtained yearly from a certified reference labo- 
ratory (listed in Paine et al, 1999). The use of 
formalin-killed cultures results in lower titers 
(Palmer et al., 1987). Lyophilized leptospiral 
suspensions also have been produced and are 
reported to give similar results. 

It must be emphasized that the precise infect- 
ing serovar cannot be determined from the 
patient’s serological response, which is at best 
serogroup specific. However, the MAT response, 
together with an up-to-date knowledge of locally 
prevalent serovars, can usually give a reasonable 
indication of the likely identity of the infecting 
serovar. This emphasizes the continuing impor- 
tance of culture as a diagnostic and epidemiolog- 
ical procedure. 

Serological Diagnosis — Other Tests 

A variety of alternative serological tests have 
been used over the years, but none of them 
matches the MAT in terms of specificity and 
sensitivity. Complement fixation, passive hemag- 
glutination, latex agglutination and slide aggluti- 
nation tests have all been described (Paine, 1982; 
Paine et al., 1999; Levett, 2001), but none of them 
warrants recommendation for routine use. 

Enzyme-based antibody assays (ELISA or 
EIA) were first described over 20 years ago 
(Adler et al., 1980; Terpstra et al., 1980), and a 
number of commercial EIA kits are now avail- 
able for both humans and animals, including a 
rapid dipstick IgM EIA (Gussenhoven et al., 
1997). Most El As use disrupted whole lepto- 
spires as antigen and the EIA therefore detects 
antibodies against both agglutinating LPS anti- 
gens and subsurface nonagglutinating antigens, 
such as the heat shock proteins GroEL and 
DnaK. EIAs are accordingly more broadly reac- 
tive than the MAT, although claims of genus- 
wide reactivity have not been unequivocally 
demonstrated. A common misconception arises 
about the significance of a positive IgM EIA test 
in humans, which is often erroneously taken to 
indicate a current infection. Because LPS is a 
dominant antigen in leptospires, it elicits a typi- 
cal T-independent antibody response in which 
IgM predominates, even many months or years 
after infection. The presence of human anti- 
leptospiral IgM does not therefore necessarily 
indicate a current or even a recent infection. 
Certainly, a positive IgM EIA result provides 
evidence of previous infection, but in all cases 
the diagnosis must be confirmed by MAT. 



Because of the occurrence of both false positive 
and false negative reactions, reliance on IgM 
EIA as a sole serological test for leptospirosis is 
not recommended. 
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Further Information 

See the home page of the International Lep- 
tospirosis Society for additional information 
and links on various aspects of Leptospira and 
leptospirosis: (http://www.med.monash.edu.au/ 

microbiology/staff/adler/ilspage.htm). 



Literature Cited 

Adler, B., A. M. Murphy, S. Locarnini, and S. Faine. 1980. 
Detection of specific anti-leptospiral immunoglobulins 
M and G in human serum by solid-phase enzyme-linked 
immunosorbent assay. J. Clin. Microbiol. 11:452-457. 

Adler, B., and S. Faine. 1983. A pomona serogroup-specific, 
agglutinating antigen in Leptospira, identified by mono- 
clonal antibodies. Pathol. 15:247-250. 

Adler, B., S. Faine, W. L. Christopher, and R. J. Chappel. 
1986. Development of an improved selective medium 
for isolation of leptospires from clinical material. Vet. 
Microbiol. 12:377-381. 

Alston, J. M., and J. C. Broom. 1958. Leptospirosis in 
Man and Animals. E. & S. Livingstone. Edinburgh 
London. 

Anderson, D. L., and R. C. Johnson. 1968. Electron micros- 
copy of immune disruption of leptospires: action of com- 
plement and lysozyme. J. Bacteriol. 95:2293-2309. 

Auran, N. E., R. C. Johnson, and D. M. Ritzi. 1972. Isolation 
of the outer sheath of Leptospira and its immunogenic 
properties in hamsters. Infect. Immun. 5:968-975. 

Ballard, S. A., M. Williams, B. Adler, and S. Faine. 1986. 
Interactions of virulent and avirulent leptospires with 
primary cultures of renal epithelial cells. J. Med. Micro- 
biol. 21:59-67. 

Ballard, S. A., R. P. A. M. Segers, N. Bleumink-Pluym, J. Fyfe, 
S. Faine, and B. Adler. 1993. Molecular analysis of the 
hsp (groE) operon of Leptospira interrogans serovar 
copenhageni. Molec. Microbiol. 8:739-751. 

Ballard, S., M. Go, R. Segers, and B. Adler. 1998. Molecular 
analysis of the dnaK locus of Leptospira interrogans 
serovar Copenhageni. Gene 216:21-29. 

Baril, C, and I. S. Girons. 1990. Sizing of the Leptospira 
genome by pulsed-field agarose gel electrophoresis. 
FEMS Microbiol. Lett. 71:95-100. 

Baril, C., J. L. Herrmann, C. Richaud, D. Margarita, and I. 
Saint Girons. 1992. Scattering of the rRNA genes on the 
physical map of the circular chromosome of Leptospira 



312 B. Adler and S. Paine 



CHAPTER 4.4 



interrogans serovar icterohaemorrhagiae. J. Bacteriol. 
174:7566-7571. 

Belfaiza, J., A. Martel, D. Margarita, and I. Saint Girons. 
1998. Direct sulfhydrylation for methionine biosynthesis 
in Leptospira meyeri. J. Bacteriol. 180:250-255. 

Bey, R. E, N. E. Auran, and R. C. Johnson. 1974. Immuno- 
genicity of whole cell and outer envelope leptospiral 
vaccines in hamsters. Infect. Immun. 10:1051-1056. 

Bey, R. K, and R. C. Johnson. 1978a. Humoral immune 
responses of cattle vaccinated with leptospiral pentava- 
lent outer envelope and whole culture vaccines. Amer. 
J.Vet. Res. 39:1109-1114. 

Bey, R. E, and R. C. Johnson. 1978b. Protein-free and low- 
protein media for cultivation of Leptospira. Infect. 
Immun. 19:562-569. 

Bey, R. E, and R. C. Johnson. 1982. Leptospiral vaccine in 
dogs: Immunogenicity of whole cell and outer envelope 
vaccines prepared in protein-free medium. Am. J. Vet. 
Res. 43:831-834. 

Bey, R. E, and R. C. Johnson. 1983. Leptospiral vaccines: 
immunogenicity of protein-free medium cultivated 
whole cell bacterins in swine. Am. J. Vet. Res. 44:2299- 
2301. 

Birch- Andersen, A., K. Hovind Hougen, and C. Borg- 
Petersen. 1973. Electron microscopy of Leptospira. 1: 
Leptospira strain pomona. Acta Pathol. Microbiol. 
Scand. 81:665-676. 

Bolin, C. A., R. L. Zuerner, and G. Trueba. 1989. Effect of 
vaccination with a pentavalent leptospiral vaccine con- 
taining Leptospira interrogans serovar hardjo type 
hardjo-bovis on type hardjo-bovis infection of cattle. 
Am. J. Vet. Res. 50:2004-2008. 

Bolin, C. A. 1996. Diagnosis of leptospirosis: a reemerging 
disease of companion animals. Semin. Vet. Med. Surg. 
(Small Animal) 11:166-171. 

Bourhy, P, A. Martel, D. Margarita, I. Saint Girons, and 
J. Belfaiza. 1997. Homoserine O-acetyltransferase, 
involved in the Leptospira meyeri methionine biosyn- 
thetic pathway, is not feedback inhibited. J. Bacteriol. 
179:4396-4398. 

Boursaux-Eude, C., I. Saint Girons, and R. Zuerner. 1995. 
IS1500, an IS3-like element from Leptospira interro- 
gans. Microbiol. 141:2165-2173. 

Boursaux-Eude, C., I. Saint Girons, and R. Zuerner. 1998. 
Leptospira genomics. Electrophoresis 19:589-592. 

Brenner, D. J., A. E. Kaufmann, K. R. Sulzer, A. G. Steiger- 
walt, E. C. Rogers, and R. S. Weyant. 1999. Eurther deter- 
mination of DNA relatedness between serogroups and 
serovars in the family Leptospiraceae with a proposal 
for Leptospira alexanderi sp. nov. and four new Lep- 
tospira genomospecies. Int. J. Syst. Bacteriol. 49:839- 
858. 

Brenot, A., D. Trott, I. Saint Girons, and R. Zuerner. 2001a. 
Penicillin-binding proteins in Leptospira interrogans. 
Antimicrob. Agents Chemother. 45:870-877. 

Brenot, A., C. Werts, C. Ottone, N. Sertour, N. W. Charon, D. 
Postic, G. Baranton, and I. Saint Girons. 2001b. Eirst 
evidence for a restriction-modification system in Lep- 
tospira sp. EEMS Microbiol. Lett. 201:139-143. 

Brown, H. C., and J. C. Broom. 1929. Observations upon 
electric charge in certain bacteriological problems. Brit. 
J. Exp. Pathol. 10:219-225. 

Bulach, D. M., T. Kalambaheti, A. de la Pena-Moctezuma, 
and B. Adler. 2000. Eunctional analysis of genes in the 
rfb locus of Leptospira borgpetersenii serovar Hardjo 
subtype Hardjobovis. Infect. Immun. 68:3793-3798. 



Burth, P, M. Younes-Ibrahim, P. H. Goncalez, E. R. Costa, 
and M. V. Earia. 1997. Purification and characterization 
of a Na-I-, K-i- ATPase inhibitor found in an endotoxin 
of Leptospira interrogans. Infect. Immun. 65:1557- 
1560. 

Cacciapuoti, B., L. Ciceroni, and D. Attard Barbini. 1991. 
Eatty acid profiles, a chemotaxonomic key for the clas- 
sification of strains of the family Leptospiraceae. Int. J. 
Syst. Bacteriol. 41:295-300. 

Chang, A., and S. Eaine. 1970. Electron-microscopic evidence 
for reactions of axial filaments of Leptospira with IgM 
and IgG antibodies. Bull. WHO 43:571-577. 

Chapman, A. J., B. Adler, and S. Paine. 1988. Antigens rec- 
ognized by the human immune response to infection 
with Leptospira interrogans serovar hardjo. J. Med. 
Microbiol. 25:269-278. 

Chapman, A. C, C. O. R. Everard, S. Eaine, and B. Adler. 
1991. Antigens recognized by the human immune 
response to severe leptospirosis in Barbados. Epidemiol. 
Infect. 107:143-155. 

Chappel, R. J., R. W. Prime, B. D. Millar, L. J. Mead, R. T. 
Jones, and B. Adler. 1992. Comparison of diagnostic 
procedures for porcine leptospirosis. Vet. Microbiol. 
30:151-163. 

Charon, N. W., R. C. Johnson, and D. Peterson. 1974. Amino 
acid biosynthesis in the spirochete Leptospira: evidence 
for a novel pathway of isoleucine biosynthesis. J. Bacte- 
riol. 117:203-211. 

Chen, T. Z. 1985. Development and situation of and tech- 
niques for production of leptospirosis vaccine in China. 
Jap. J. Bacteriol. 40:755-762. 

Christmas, B. W., D. G. Till, and J. M. Bragger. 1974. Dairy 
farm fever in New Zealand: isolation of L pomona and 
L hardjo from a local outbreak. New Zealand Med. J. 
79:904-906. 

Christopher, W. L., B. Adler, and S. Eaine. 1982. Immuno- 
genicity of leptospiral vaccines grown in protein-free 
medium. J. Med. Microbiol. 15:493-501. 

Chu, K. M., R. Rathinam, P. Namperumalsamy, and D. Dean. 
1998. Identification of Leptospira species in the patho- 
genesis of uveitis and determination of clinical ocular 
characteristics in south India. J. Infect. Dis. 177:1314- 
1321. 

Cinco, M., E. Banfi, and M. R. Soranzo. 1981. Studies on the 
interaction between macrophages and leptospires. J. 
Gen. Microbiol. 124:409-413. 

Cinco, M., and E. Banfi. 1983a. Activation of complement by 
leptospires and its bactericidal activity. Zentralbl. Bak- 
teriol. Mikrobiol. Hyg. [A] 254:261-265. 

Cinco, M., and H. Banfi. 1983b. Interactions between human 
polymorphonuclear leukocytes and one strain of patho- 
genic Leptospira (Leptospira interrogans sp.) and one of 
saprophytic Leptospira (L. biflexa sp.). EEMS Micro- 
biol. Lett. 19:51-54. 

Cinco, M., S. Perticarari, G. Presani, A. Dobrina, and E. Liut. 
1993. Biological activity of a peptidoglycan extracted 
from Leptospira interrogans: in vitro studies. J. Gen. 
Microbiol. 139:2959-2964. 

Cinco, M., E. Vecile, R. Murgia, P. Dobrina, and A. Dobrina. 
1996. Leptospira interrogans and Leptospira peptido- 
glycans induce the release of tumor necrosis factor 
alpha from human monocytes. EEMS Microbiol. Lett. 
138:211-214. 

Corin, R. E., E. Boggs, and C. D. Cox. 1978. Enzymatic 
degradation of H 2 O 2 by Leptospira. Infect. Immun. 
22:672-675. 



CHAPTER 4.4 



de Brito, T, M. J. Prado, V. A. Negreiros, A. L. Nicastri, 
E. E. Sakata, P. H. Yasuda, R. T. Santos, and V. A. K 
Alves. 1992. Detection of leptospiral antigen (L. inter- 
rogans serovar copenhageni serogroup Icterohaemor- 
rhagiae) by immunoelectron microscopy in the liver and 
kidney of experimentally infected guinea-pigs. Int. J. 
Exp. Pathol. 73:633-642. 

De la Pea-Moctezuma, A., D. M. Bulach, T. Kalambaheti, 
and B. Adler. 1999. Comparative analysis of the EPS 
biosynthetic loci of the genetic subtypes of serovar 
Hardjo: Leptospira interrogans Subtype Hardjoprajitno 
and Leptospira borgpetersenii Subtype Hardjobovis. 
FEMS Microbiol. Lett. 177:319-326. 

De la Pea-Moctezuma, A., D. M. Bulach, T. Kalambaheti, 
and B. Adler. 2001. Genetic differences among the LPS 
biosynthetic loci of serovars of Leptospira interrogans 
and Leptospira borgpetersenii. FEMS Immunol. Med. 
Microbiol. 31:73-81. 

Dikken, H., and E. Kmety. 1978. Serological typing methods 
of leptospires. In: T. Bergan and R. Norris (Eds.) Meth- 
ods in Microbiology. Academic Press. New York, NY. 
260-295. 

Ellis, W. A. 1986. The diagnosis of leptospirosis in farm ani- 
mals. In: W. A. Ellis and T. W. A. Little (Eds.) The 
present state of leptospirosis and control. Martinus 
Nijhoff. Dordrecht, The Netherlands. 13-31. 

Ellis, W. A. 1991. Leptospira interrogans serovar bratislava 
infection in domestic animals. In: Y. Kobayashi (Ed.) 
Leptospirosis: Proceedings of the Leptospirosis 

Research Conference 1990. Hokusen-Sha. Tokyo, Japan. 
20-33. 

Ellis, W. A. 1995. International Committee on Systematic 
Bacteriology Subcomittee on the Taxonomy of Lep- 
tospira: Minutes of the Meetings, 1 and 2 July 1994, 
Prague, Czech Republic. Int. J. Syst. Bacteriol. 45:872- 
874. 

Everard, C. O., C. N. Edwards, J. D. Everard, and D. G. 
Carrington. 1995. A twelve-year study of leptospirosis 
on Barbados. Eur. J. Epidemiol. 11:311-320. 

Faine, S. 1964. Reticuloendothelial phagocytosis of virulent 
leptospires. Am. J. Vet. Res. 25:830-835. 

Faine, S. 1982. Guidelines for the the control of leptospirosis. 
World Health Organization. Geneva, Switzerland. 

Faine, S. 1998. Leptospirosis. In: W. J. Hausler and M. 
Sussman (Eds.) Topley and Wilson’s Microbiology 
and Microbial Infections. Arnold. London, 849- 
869. 

Faine, S., B. Adler, C. Bolin, and P. Perolat. 1999. Leptospira 
and Leptospirosis. MediSci. Melbourne, Australia. 

Farrelly, H. E., B. Adler, and S. Faine. 1987. Opsonic mono- 
clonal antibodies against lipopolysaccharide antigens of 
Leptospira interrogans serovar hardjo. J. Med. Micro- 
biol. 23:1-7. 

Fukunaga, M., and I. Mifuchi. 1989a. The number of large 
ribosomal RNA genes in Leptospira interrogans and 
Leptospira biflexa. Microbiol. Immunol. 33:459-466. 

Fukunaga, M., and I. Mifuchi. 1989b. Unique organization of 
Leptospira interrogans rRNA genes. J. Bacteriol. 
171:5763-5767. 

Fukunaga, M., I. Horie, and I. Mifuchi. 1990. Isolation and 
characterization of the 5S rRNA gene of Leptospira 
interrogans. J. Bacteriol. 172:3264-3268. 

Fukunaga, M., I. Horie, N. Okuzako, and I. Mifuchi. 1991. 
Isolation and characterisation of the 5S rRNA genes in 
Leptospira and Leptonema. In: Y. Kobayashi (Ed.) Lep- 
tospirosis: Proceedings of the Leptospirosis Research 



The Genus Leptospira 313 

Conference 1990. Hokusen-sha. Tokyo, Japan. 290- 
302. 

Fukunaga, M., I. Mifuchi, Y. Yanagihara, and N. Okuzako. 

1992. Comparison of flanking regions of the 5S riboso- 
mal ribonucleic acid genes in Leptospira biflexa and 
Leptospira interrogans. Chem. Pharm. Bull. (Tokyo) 
40:544-546. 

Gravekamp, C., H. Van de Kemp, M. Franzen, D. Carrington, 
G. J. Schoone, G. J. Van Eys, C. O. Everard, R. A. 
Hartskeerl, and W. J. Terpstra. 1993. Detection of seven 
species of pathogenic leptospires by PCR using two sets 
of primers. J. Gen. Microbiol. 139:1691-1700. 

Guerreiro, H., J. Croda, B. Flannery, M. Mazel, J. Matsunaga, 
M. G. Reis, P. N. Levett, A. I. Ko, and D. A. Haake. 2001. 
Leptospiral proteins pecognized during the humoral 
immune response to leptospirosis in humans. Infect. 
Immun. 69:4958-4968. 

Gussenhoven, G. C., M. A. van der Hoorn, M. G. Goris, W. 
J. Terpstra, R. A. Hartskeerl, B. W. Mol, C. W. van Ingen, 
and H. L. Smits. 1997. LEPTO dipstick, a dipstick assay 
for detection of Leptospira-specific immunoglobulin M 
antibodies in human sera. J. Clin. Microbiol. 35:92-97. 
Haake, D. A., E. M. Walker, D. R. Blanco, C. A. Bolin, J. N. 
Miller, and M. A. Lovett. 1991. Changes in the surface 
of Leptospira interrogans serovar grippotyphosa during 
in vitro cultivation. Infect. Immun. 59:1131-1140. 
Haake, D. A., C. I. Champion, C. Martinich, E. S. 
Shang, D. R. Blanco, J. N. Miller, and M. A. Lovett. 

1993. Molecular cloning and sequence analysis of the 
gene encoding OmpLl, a transmembrane outer mem- 
brane protein of pathogenic Leptospira spp. J. Bacte- 
riol. 175:4225-4234. 

Haake, D. A., C. Martinich, T. A. Summers, E. S. Shang, J. D. 
Pruetz, A. M. McCoy, M. K. Mazel, and C. A. Bolin. 
1998. Characterization of leptospiral outer membrane 
lipoprotein LipL36: Downregulation associated with 
late-log-phase growth and mammalian infection. Infect. 
Immun. 66:1579-1587. 

Haake, D. A., M. K. Mazel, A. M. McCoy, F. Milward, G. 
Chao, J. Matsunaga, and E. A. Wagar. 1999. Leptospiral 
outer membrane proteins OmpLl and LipL41 exhibit 
synergistic immunoprotection. Infect. Immun. 67:6572- 
6582. 

Haake, D. A. 2000a. Spirochaetal lipoproteins and pathogen- 
esis. Microbiol. 146:1491-1504. 

Haake, D. A., G. Chao, R. L. Zuerner, J. K. Barnett, D. 
Barnett, M. Mazel, J. Matsunaga, P. N. Levett, and C. A. 
Bolin. 2000b. The leptospiral major outer membrane 
protein LipL32 is a lipoprotein expressed during mam- 
malian infection. Infect. Immun. 68:2276-2285. 
Henneberry, R. C., and C. D. Cox. 1970. (3- oxidation of fatty 
acids by Leptospira. Can. J. Microbiol. 16:41-45. 
Herrmann, J. L., E. Bellenger, P. Perolat, G. Baranton, and 
I. Saint Girons. 1992. Pulsed-fleld gel electrophoresis of 
Notl digests of leptospiral DNA: A new rapid method 
of serovar identification. J. Clin. Microbiol. 30:1696- 
1702. 

Herrmann, J. L., and I. Saint-Girons. 1993. Value of pulsed- 
fleld gel electrophoresis for genetic and epidemiological 
studies of Leptospira and Borrelia. Meth. Molec. Cell. 
Biol. 4:63-67. 

Herrmann, J. L. 1994. Genomic techniques for identifica- 
tion of Leptospira strains. Pathol. Biol. (Paris) 41:943- 
950. 

Holt, S. 1978. Anatomy and chemistry of spirochetes. 
Microbiol. Rev. 42:114-160. 



314 B. Adler and S. Paine 



CHAPTER 4.4 



Hookey, J. V. 1992. Detection of Leptospiraceae by amplifi- 
cation of 16S ribosomal DNA. FEMS Microbiol. Lett. 
15:267-274. 

Hookey, J. V., J. Bryden, and L. Gatehouse. 1993. The use of 
16S rDNA sequence analysis to investigate the phytog- 
eny of Leptospiraceae and related spirochaetes. J. Gen. 
Microbiol. 139:2585-2590. 

Hovind-Hougen, K. 1979. Leptospiraceae, a new Family to 
include Leptospira Noguchi 1917 and Leptonema, gen. 
nov. Int. J. Syst. Bacteriol. 29:245-251. 

Hsu, D., M.-J. Pan, Y. C. Zee, and R. B. LeFebvre. 1990. 
Unique ribosome structure of Leptospira interrogans is 
composed of four rRNA components. J. Bacteriol. 
172:3478-3480. 

Inada, R., Y. Ido, R. Hoki, R. Kaneko, and H. Ito. 1916. The 
etiology, mode of infection, and specific therapy of 
Weil’s disease (Spirochaetosis icterohaemorrhagica). J. 
Exp. Med. 23:377-402. 

Isogai, E., H. Isogai, N. Fujii, and K. Oguma. 1990a. Biolog- 
ical effects of leptospiral lipopolysaccharide on mouse 
B, T and NK cells. Japan. J. Vet. Sci. 52:923-930. 

Isogai, E., H. Isogai, N. Fujii, and K. Oguma. 1990b. Mac- 
rophage activation by leptospiral lipopolysaccharide. 
Zentralbl. Bakteriol. Mikrobiol. Hyg. [A] 273:200-208. 

Johnson, R. C, and P. Rogers. 1964a. 5-fluorouracil as a selec- 
tive agent for the growth of leptospirae. J. Bacteriol. 
88:422-426. 

Johnson, R. C, and P. Rogers. 1964b. Metabolism of leptospi- 
rae. I: Utilization of amino acids and purine and pyrim- 
idine bases. Arch. Biochem. Biophys. 107:459-470. 

Johnson, R. C., and V. G. Harris. 1967. Differentiation of 
pathogenic and saprophytic leptospires. I: Growth at low 
temperatures. J. Bacteriol. 94:27-31. 

Johnson, R. C., and V. G. Harris. 1968. Purine analogue 
sensitivity and lipase activity of leptospires. Appl. 
Microbiol. 16:1584-1590. 

Johnson, R. C., V. G. Harris, and J. K. Walby. 1969. Charac- 
terization of leptospires according to fatty acid require- 
ments. J. Gen. Microbiol. 55:399-407. 

Johnson, R. C., B. P. Livermore, J. K. Walby, and H. M. 
Jenkin. 1970. Lipids of parasitic and saprophytic lepto- 
spires. Infect. Immun. 2:286-291. 

Johnson, R. C., J. K. Walby, R. A. Henry, and N. E. Auran. 
1973. Cultivation of parasitic leptospires: Effect of pyru- 
vate. Appl. Microbiol. 26:118-119. 

Johnson, R. C. 1976. Comparative spirochete phyisiology and 
cellular composition. The Biology of Parasitic Spiro- 
chetes. Academic Press. New York, NY. 39-48. 

lost, B. H., B. Adler, T. Vinh, and S. Faine. 1986. A mono- 
clonal antibody reacting with a determinant on leptospi- 
ral lipolysaccharide protects guinea pigs against 
leptospirosis. J. Med. Microbiol. 22:269-275. 

lost, B. H., B. Adler, and S. Faine. 1988. Reaction of mono- 
clonal antibodies with species specific determinants in 
Leptospira interrogans outer envelope. J. Med. Micro- 
biol. 27:51-57. 

lost, B. H., B. Adler, and S. Faine. 1989. Experimental immu- 
nisation of hamsters with lipopolysaccharide antigens of 
Leptospira interrogans. J. Med. Microbiol. 29:115-120. 

Kalambaheti, T, D. M. Bulach, K. Rajakumar, and B. Adler. 
1999. Genetic organization of the lipopolysaccharide O- 
antigen biosynthetic locus of Leptospira borgpetersenii 
serovar Hardjobovis. Microb. Pathog. 27:105-117. 

Kasarov, L. B., and L. Addamiano. 1969. Metabolism of the 
lipoproteins of serum by leptospires: degradation of the 
triglycerides. J. Med. Microbiol. 2:165-168. 



Kefford, B., and K. C. Marshall. 1984. Adhesion of Lep- 
tospira at a solid-liquid interface: A model. Arch. Micro- 
biol. 138:84-88. 

Kelson, J. S., B. Adler, A. J. Chapman, and S. Faine. 1988. 
Identification of leptospiral flagellar antigens by gel 
electrophoresis and immunoblotting. J. Med. Microbiol. 
26:47-53. 

Kemenes, F. 1964. Cross-immunity studies on virulent strains 
of leptospires belonging to different serotypes. Zeitschr. 
Immunitfef. Exp. Therap. 127:209-229. 

Kojima, T, Y. Yanagihara, and I. Mifuchi. 1984. Detoxifica- 
tion of tween for the cultivation of Leptospira. Micro- 
biol. Immunol. 28:949-954. 

Kolk, A. H. J., J. Van Leeuwen, H. Korver, and W. J. Terpstra. 
1984. Serotyping of leptospires by monoclonal anti- 
bodies. Zentralbl. Bakteriol. Mikrobiol. Hyg. [A] 257: 
515. 

Korthof, G. 1932. Experimentelles Schlammfieber beim 
Menschen. Zentralbl. Bakteriol. Parasitenkd. [A] 125: 
429-434. 

Korver, H., A. H. J. Kolk, J. Vingerhold, J. van Leeuwen, and 
W. J. Terpstra. 1988. Classification of the icterohaemor- 
rhagiae serogroup by monoclonal antibodies. Israel J. 
Vet. Med. 44:15-18. 

Lee, S. H., K. A. Kim, Y. G. Park, I. W. Seong, M. J. Kim, and 
Y. J. Lee. 2000. Identification and partial characteriza- 
tion of a novel hemolysin from Leptospira interrogans 
serovar lai. Gene 254:19-28. 

Letocart, M., G. Baranton, and P. Perolat. 1997. Rapid iden- 
tification of pathogenic Leptospira species (Leptospira 
interrogans, L. borgpetersenii, and L. kirschneri) with 
species-specific DNA probes produced by arbitrarily 
primed PCR. J. Clin. Microbiol. 35:248-253. 

Levett, P. N. 2001. Leptospirosis. Clin. Microbiol. Rev. 
14:296-326. 

Li, C, A. Motaleb, M. Sal, S. F. Goldstein, and N. W. Charon. 
2000. Spirochete periplasmic flagella and motility. J. 
Molec. Microbiol. Biotechnol. 2:345-354. 

Lucchesi, P. M., and A. E. Parma. 1999. A DNA fragment of 
Leptospira interrogans encodes a protein which shares 
epitopes with equine cornea. Vet. Immunol. Immuno- 
pathol. 71:173-179. 

Marshall, R. B., E. S. Broughton, and J. S. Hellstrom. 1979. 
Protection of cattle against natural challenge with 
Leptospira interrogans serovar hardjo using a hardjo- 
pomona vaccine. New Zealand Vet. J. 27:114-116. 

Marshall, R. B., B. Wilton, and A. J. Robinson. 1981. 
Identification of Leptospira serovars by restriction- 
endonuclease analysis. J. Med. Microbiol. 14:163-166. 

Martinez Sanchez, R., A. Perez Sierra, M. Baro Suarez, 
A. M. Alvarez, J. Menendez Hernandez, M. Diaz 
Gonzalez, R. Cruz de la Paz, G. de los Reyes, B. 
Montoya Batista, G. Sierra Gonzalez, M. Armesto del 
Rio, A. Saltaren Cobas, and O. Sabournin Ramos. 2000. 
Evaluation of the effectiveness of a new vaccine against 
human leptospirosis in groups at risk. Revista Panama 
di Saluda Publica 8:385-392. 

Masuzawa, T, R. Nakamura, Y. Beppu, and Y. Yanagihara. 
1996. Immunochemical characteristics and localization 
on cells of protective antigen (PAg) prepared from 
Leptospira interrogans serovar lai. Microbiol. Immunol. 
40:237-241. 

Merien, F, P. Amouriaux, P. Perolat, G. Baranton, and I. 
Saint Girons. 1992. Polymerase chain reaction for detec- 
tion of Leptospira spp. in clinical samples. J. Clin. Micro- 
biol. 30:2219-2224. 



CHAPTER 4.4 



The Genus Leptospira 315 



Merien, E, G. Baranton, and P. Perolat. 1997. Invasion of 
Vero cells and induction of apoptosis in macrophages by 
pathogenic Leptospira interrogans are correlated with 
virulence. Infect. Immun. 65:729-738. 

Merien, K, J. Truccolo, G. Baranton, and P. Perolat. 2000. 
Identification of a 36-kDa fibronectin-binding protein 
expressed by a virulent variant of Leptospira inter- 
rogans serovar icterohaemorrhagiae. FEMS Microbiol. 
Lett. 185:17-22. 

Midwinter, A., S. Paine, and B. Adler. 1990. Vaccination of 
mice with lipopolysaccharide (LPS) and LPS-derived 
immuno-conjugates from Leptospira interrogans. J. 
Med. Microbiol. 33:199-204. 

Midwinter, A., T. Vinh, S. Paine, and B. Adler. 1994. Charac- 
terization of an antigenic oligosaccharide from Lep- 
tospira interrogans serovar pomona and its role in 
immunity. Infect. Immun. 62:5477-5482. 

Millar, B. D., R. J. Chappel, B. Adler, S. J. Driesen, and R. T. 
Jones. 1987. Effect of maternal vaccination on the sus- 
ceptibility of growing pigs to leptospiral infection. Vet. 
Microbiol. 15:79-87. 

Mitchison, M., J. I. Rood, S. Paine, and B. Adler. 1991. Molec- 
ular analysis of a Leptospira borpetersenii gene encod- 
ing an endoflagellar subunit protein. J. Gen. Microbiol. 
137:1529-1536. 

Mitchison, M., D. M. Bulach, T. Vinh, K. Rajakumar, S. Paine, 
and B. Adler. 1997. Identification and characterization 
of the dTDP-rhamnose biosynthesis and transfer genes 
of the lipopolysaccharide-related rfb locus in Leptospira 
interrogans serovar Copenhageni. J. Bacteriol. 179: 
1262-1267. 

Niikura, M., E. Ono, and R. Yanagawa. 1987. Molecular com- 
parison of antigens on proteins of virulent and avirulent 
clones of Leptospira interrogans serovar copenhageni 
strain Shibaura. Zentralbl. Bakteriol. Mikrobiol. Hyg. 
[A] 266:453-462. 

Palmer, M., S. A. Waitkins, and W. Zochowski. 1984. Survival 
of leptospires in commercial blood culture systems. Zen- 
tralbl. Bakteriol. Mikrobiol. Hyg. [A] 257:480-487. 

Palmer, M. P, S. A. Waitkins, and S. W. Wanyangu. 1987. A 
comparison of live and formalised leptospiral micro- 
scopic agglutination test. Zentralbl. Bakteriol. Mikro- 
biol. Hyg. [A] 265:151-159. 

Perolat, P, P Merien, W. A. Ellis, and G. Baranton. 1994. 
Characterization of Leptospira isolates from serovar 
hardjo by ribotyping, arbitrarily primed PCR, and 
mapped restriction site polymorphisms. J. Clin. Micro- 
biol. 32:1949-1957. 

Picardeau, M., A. Brenot, and I. Saint Girons. 2001. First 
evidence for gene replacement in Leptospira spp. 
Inactivation of L. biflexa flaB results in non-motile 
mutants deficient in endoflagella. Molec. Microbiol. 
40:189-199. 

Plesko, I., and C. Lataste-Dorolle. 1970. Intertype immunity 
relations of Leptospira strains belonging to the “Austra- 
lis” serogroup. Biologia (Bratislava) 25:403-411. 

Plesko, I., and Z. Hlavata. 1971. Cross immunity studies with 
lipase negative strains of leptospires. Biologia (Brat- 
islava) 26:689-693. 

Ralph, D., M. McClelland, J. Welsh, G. Baranton, and P. 
Perolat. 1993. Leptospira species categorized by arbi- 
trarily primed polymerase chain reaction (PCR) and by 
mapped restriction polymorphisms in PCR-amplified 
rRNA genes. J. Bacteriol. 175:973-981. 

Rottini, G. D., M. Cinco, F. Panizon, and E. Agosti. 1972. 
Comportamento delle Ig seriche nell’uomo dopo vacci- 



nazione con Leptospira saprofitica (ceppo Patoc 1). 
Giorn. Malatt. Infett. Parassit. 24:879-885. 

Saint Girons, I., D. Margarita, P. Amouriaux, and G. Baran- 
ton. 1990. First isolation of bacteriophage for a spirocha- 
ete: potential genetic tools for Leptospira. Res. 
Microbiol. 141:1131-1138. 

Saint Girons, I., S. J. Norris, U. Gobel, J. Meyer, E. M. Walker, 
and R. Zuerner. 1992. Genome structure of spirochetes. 
Res. Microbiol. 143:615-621. 

Saint Girons, I., P. Bourhy, C. Ottone, M. Picardeau, D. 
Yelton, R. W. Hendrix, P. Glaser, and N. Charon. 2000. 
The LEI bacteriophage replicates as a plasmid within 
Leptospira biflexa: construction of an L. biflexa- 
Escherichia coli shuttle vector. J. Bacteriol. 182:5700- 
5705. 

Sakamoto, N., E. Ono, H. Kida, and R. Yanagawa. 1985. 
Production of monoclonal antibodies against leptospiral 
genus specific antigen and localization of the antigen by 
immunoelectron microscopy. Zentralbl. Bakteriol. 
Mikrobiol. Hyg. [A] 259:557-563. 

Schiiberg, A., U. Kmpe, and D. Rohloff. 1980. Der Einsatz 
von Hemmstoffen beim kulturellen Nachweis der Lep- 
tospiren in Schweinesperma. Berlin Mhchen Tieratl. 
Wochenschr. 93:166-171. 

Schiiberg, A. 1983. Growth of 10 Leptospira interrogans 
serovars using polyvinylpyrrolidone(PVP)-treated 
tween in protein-free medium. Zentralbl. Bakteriol. 
Mikrobiol. Hyg. [A] 254:540-544. 

Schoone, G. J., C. O. R. Everard, H. Korver, D. G. Carrington, 
V. A. Inniss, J. Baulu, and W. J. Terpstra. 1989. An immu- 
noprotective monoclonal antibody directed against 
Leptospira interrogans serovar copenhageni. J. Gen. 
Microbiol. 135:73-78. 

Segers, R. P. A. M., d. D. A. van, N. A. de, P. Corcione, d. Z. 

B. A. M. van, and W. Gaastra. 1990. Molecular analysis 
of a sphingomyelinase C gene from Leptospira interro- 
gans serovar hardjo. Infect. Immun. 58:2177-2185. 

Segers, R. P, J. A. van Gestel, G. J. van Eys, B. A. van der 
Zeijst, and W. Gaastra. 1992. Presence of putative 
sphingomyelinase genes among members of the family 
Leptospiraceae. Infect. Immun. 60:1707-1710. 

Shang, E. S., M. M. Exner, T. A. Summers, C. Martinich, 

C. I. Champion, R. E. Hancock, and D. A. Haake. 1995. 
The rare outer membrane protein, OmpLl, of patho- 
genic Leptospira species is a heat-modifiable porin. 
Infect. Immun. 63:3174-3181. 

Shang, E. S., T. A. Summers, and D. A. Haake. 1996. Molec- 
ular cloning and sequence analysis of the gene encoding 
LipL41, a surface-exposed lipoprotein of pathogenic 
Leptospira species. Infect. Immun. 64:2322-2330. 
Shenberg, E. 1967. Growth of pathogenic Leptospira in 
a chemically defined media. J. Bacteriol. 93:1598- 
1606. 

Shenberg, E., and M. Torten. 1973. A new leptospiral vaccine 
for use in man. I: Development of a vaccine from “Lep- 
tospira” grown on a chemically defined medium. J. 
Infect. Dis. 128:642-646. 

Shim, Y. H., B. S. Shim, K. H. Choe, D. S. Kim, K. C. Shin, 
K. L. Lee, Y. W. Lee, Y. J. Kim, C. J. Chin, J. T. Lee, and 
I. S. Chai. 1980. Epidemic pulmonary hemorrhagic fever. 
I. Epidemiological and clinical observations. J. Korean 
Med. Assn. 23:131-144. 

Stalheim, O. H. V. 1968. Vaccination against leptospirosis: 
Immunogenicity of viable, avirulent Leptospira pomona 
in hamsters, swine and cattle. Am. J. Vet. Res. 29:473- 
478. 



316 B. Adler and S. Paine 



CHAPTER 4.4 



Stamm, L. V., F. C Gherardini, E. A. Parrish, and C. R. 
Moomaw. 1991. Heat shock response of spirochetes. 
Infect. Immun. 59:1572-1575. 

Stern, N., E. Shenberg, and A. Tietz. 1969. Studies on the 
metabolism of fatty acids in Leptospira: the biosynthesis 
of DELTA 9 and DELTAll-monounsaturated acids. 
Eur. J. Biochem. 8:101-108. 

Stimson, A. M. 1907. Note on an organism found in yellow- 
fever tissue. Publ. Hlth. Rep. 22:541. 

Stimson, A. M. 1909. Notes on Stimson’s spirochaete found 
in the kidney of a yellow fever case. Trans. Roy. Soc. 
Trop. Med. Hyg. 3:56. 

Terpstra, W. J., G. S. Ligthart, and G. J. Schoone. 1980. Sero- 
diagnosis of human leptospirosis by enzyme-linked 
immunosorbent-assay (ELISA). Zentralbl. Bakteriol. 
Mikrobiol. Hyg. [A] 247:400-405. 

Terpstra, W. X, H. Korver, X van Leeuwen, P. L. Klatser, and 
A. H. X Kolk. 1985. The classification of sejroe group 
serovars of Leptospira interrogans with monoclonal 
antibodies. Zentralbl. Bakteriol. Mikrobiol. Hyg. [A] 
259:498-506. 

Terpstra, W. X, H. Korver, G. X Schoone, X van Leeuwen, 
C. E. Schoemann, S. de Jonge-Aglibut, and A. H. X 
Kolk. 1987. Comparative classification of Leptospira 
serovars of the Pomona group by monoclonal antibodies 
and restriction-endonuclease analysis. Zentralbl. Bakte- 
riol. Mikrobiol. Hyg. [A] 266:412-421. 

Thiermann, A. B., A. L. Handsaker, X W. Foley, F. H. White, 
and B. F. Kingscote. 1986. Reclassification of North 
American leptospiral isolates belonging to serogroups 
Mini and Sejroe by restriction endonuclease analysis. 
Am. X Vet. Res. 47:61-66. 

Townsend, K. M., X D. Boyce, X Y. Chung, A. X Frost, and B. 
Adler. 2001. Genetic organization of Pasteurella multo- 
cida cap loci and development of a multiplex capsular 
PCR typing system. X Clin. Microbiol. 39:924-929. 

Trueba, G. A., C. A. Bolin, and R. L. Zuerner. 1992. Charac- 
terization of the periplasmic flagellum proteins of 
Leptospira interrogans. X Bacteriol. 174:4761-4768. 

Uhlenhuth, P, and W. Fromme. 1915. Experimentelle Unter- 
suchungen her die sogenannte Weilsche Krankheit 
(ansteckende Gelbsucht). Med. Klin. (Mhchen) 
44:1202, 1264, and 1296. 

Vinh, T, B. Adler, and S. Faine. 1982. The role of macroph- 
ages in the protection of mice against leptospirosis: In 
vitro and in vivo studies. Pathol. 14:463-468. 

Vinh,T, S. Faine, and B. Adler. 1984. Adhesion of leptospires 
to mouse fibroblasts (L929) and its enhancement by spe- 
cific antibody. X Med. Microbiol. 18:73-85. 

Vinh, T, B. Adler, and S. Faine. 1986. Ultrastructure and 
chemical composition of lipopolysaccharide extracted 
from Leptospira interrogans serovar copenhageni. X 
Gen. Microbiol. 132:103-109. 

Vinh, T, M.-H. Shi, B. Adler, and S. Faine. 1989. Character- 
ization and taxonomic significance of lipopolysaccha- 
rides of Leptospira interrogans serovar hardjo. X Gen. 
Microbiol. 135:2663-2673. 

Wang, B., X Sullivan, G. W. Sullivan, and G. L. Mandell. 1984. 
Interaction of leptospires with human polymorphonu- 
clear neutrophils. Infect. Immun. 44:459-464. 

Wayne, L. G, D. X Brenner, R. R. Colwell, P. A. D. Grimont, 
O. Kandler, M. I. Krichevsky, L. H. Moore, W. E. C. 
Moore, R. G. E. Murray, E. Stackebrandt, M. P. Starr, 
and H. G. Trper. 1987. Report of the Ad Hoc Commit- 
tee on Reconciliation of Approaches to Bacterial Sys- 
tematics. Int. X Syst. Bacteriol. 37:463-464. 



Weil, A. 1886. Ueber eine eigenthihliche, mit Milztumor, 
Icterus und Nephritis einhergehende, acute Infectionsk- 
rankheit. Deutsch. Arch. Klin. Med. 39:209. 

Werts, C, R. I. Tapping, X C. Mathison, T. H. Chuang, V. 
Kravchenko, I. Saint Girons, D. A. Haake, P. X 
Godowski, F. Hayashi, A. Ozinsky, D. M. Underhill, 
C. X Kirschning, H. Wagner, A. Aderem, P. S. Tobias, and 

R. X Ulevitch. 2001. Leptospiral lipopolysaccharide acti- 
vates cells through a TLR2-dependent mechanism. 
Nature Immunol. 2:346-352. 

Westfall, H. N., N. W. Charon, and Peterson. 1983. Multiple 
pathways for isoleucine biosynthesis in the spirochete 
Leptospira. X Bacteriol. 154:846-853. 

Woese, C. R. 1987. Bacterial evolution. Microbiol. Rev. 
51:221-271. 

Woodward, M. X, and X S. Redstone. 1994. Deoxy nucleotide 
sequence conservation of the endoflagellin subunit pro- 
tein gene, flaB, within the genus Leptospira. Vet. Micro- 
biol. 40:239-251. 

Yanagihara, Y, K. Kamisango, K. Takeda, I. Mifuchi, and I. 
Azuma. 1983. Identification of 4-o-methylmannose in 
cell wall polysachharide of Leptospira. Microbiol. 
Immunol. 27:711-715. 

Yanagihara, Y, S. Kobayashi, and I. Mifuchi. 1984a. Sugar 
synthesis in Leptospira. I: Presence of glucosephosphate 
isomerase. Microbiol. Immunol. 28:189-196. 

Yanagihara, Y, S. Kobayashi, and I. Mifuchi. 1984b. Sugar 
synthesis in Leptospira. II: Presence of glyoxalate cycle 
enzymes. Microbiol. Immunol. 28:529-534. 

Yasuda, P. H., A. G. Steigerwalt, K. R. Sulzer, A. F. Kauf- 
mann, F. Rogers, and D. X Brenner. 1987. Deoxyribonu- 
cleic acid relatedness between serogroups and serovars 
in the family Leptospiraceae with proposals for seven 
new Leptospira species. Int. X Syst. Bacteriol. 37:407- 
415. 

Younes-Ibrahim, M., P. Burth, M. V. Faria, B. Buffin-Meyer, 

S. Marsy, C. Barlet-Bas, L. Cheval, and A. Doucet. 1995. 
Inhibition of Na,K-ATPase by an endotoxin extracted 
from Leptospira interrogans: a possible mechanism for 
the physiopathology of leptospirosis. C. R. Acad. Sci. 
(Paris) 318:619-625. 

Yuri, K., Y. Takamoto, M. Okada, T. Hiramune, N. Kikuchi, 
and R. Yanagawa. 1993. Chemotaxis of leptospires to 
hemoglobin in relation to virulence. Infect. Immun. 
61:2270-2272. 

Zaki, S. R., and W.-X Shieh. 1996. Leptospirosis associated 
with outbreak of acute febrile illness and pulmonary 
haemorrhage, Nicaragua, 1995: The Epidemic Working 
Group at Ministry of Health in Nicaragua. Lancet 
347:535-536. 

Zeigler, X A., and W. VanEseltine. 1975. Isolation and chem- 
ical characterization of outer envelope of Leptospira 
pomona. Can. X Microbiol. 21:1102-1112. 

Zeilstra-Ryalls, X, O. Payer, and C. Georgopoulos. 1991. The 
universally conserved GroE (Hsp60) chaperonins. Ann. 
Rev. Microbiol. 45:301-325. 

Zuber, U, and W. Schumann. 1994. CIRCE, a novel heat- 
shock element involved in regulation of heat shock 
operon dnaK of Bacillus subtilis. X Bacteriol. 176:1359- 
1363. 

Zuerner, R. L. 1991. Physical map of chromosomal and plas- 
mid DNA comprising the genome of Leptospira inter- 
rogans. Nucl. Acids Res. 19:4857-4860. 

Zuerner, R. L., X L. Herrmann, and I. Saint Girons. 1993. 
Comparison of genetic maps for two Leptospira interro- 
gans serovars provides evidence for two chromosomes 



CHAPTER 4.4 



The Genus Leptospira 317 



and intraspecies heterogeneity. J. Bacteriol. 175:5445- 
5451. 

Zuerner, R. L. 1994. Nucleotide sequence analysis of IS1533 
from Leptospira borgpetersenii: identification and 
expression of two IS-encoded proteins. Plasmid 31:1-11. 

Zuerner, R. L., D. Alt, and C. A. Bolin. 1995. IS1533-based 
PCR assay for identification of Leptospira interrogans 
sensu lato serovars. J. Clin. Microbiol. 33:3284-3290. 



Zuerner, R. L., and C. A. Bolin. 1997. Differentiation of 
Leptospira interrogans isolates by IS 1500 hybridization 
and PCR assays. J. Clin. Microbiol. 35:2612-2617. 

Zuerner, R., D. Haake, B. Adler, and R. Segers. 2000. Tech- 
nological advances in the molecular biology of Lep- 
tospira. J. Molec. Microbiol. Biotechnol. 2:455-462. 



Prokaryotes (2006) 7:318-329 
DOI: 10.1007/0-387-30747-8_ll 

CHAPTER 4.5 

Termite Gut Spirochetes 

JOHN A. BREZNAK AND JARED R. LEADBETTER 



Introduction 

There are few habitats on earth in which spiro- 
chetes are such prominent members of the 
microbial community as in the hindgut of ter- 
mites. This was first documented over a century 
ago by Joseph Leidy (Leidy, 1874-1881; Leidy, 
1877), who was struck by their abundance in 
hindgut contents of the eastern subterranean ter- 
mite, Termes (now Reticulitermes) flavipes. In 
some termites, spirochetes account for up to 50% 
of all prokaryotes in the hindgut (Paster et al., 
1996), and even casual phase contrast micro- 
scopic observation of hindgut contents usually 
reveals about a dozen different morphological 
types, distinguishable on the bases of cell size, 
wavelength and amplitude, or pitch (Fig. 1). 

Their size range is striking: from cells measur- 
ing only 0.1 pm in diameter x 2.5 pm in length 
(i.e., at or near the limit of resolution of light 
microscopy) to many as large as 1.5 pm x 100 pm 
(Hollande and Gharagozlou, 1967; Bermudes 
et al., 1988; Paster et al., 1996). Thus, it is not 
surprising that termites were long ago recom- 
mended as an excellent source of spirochetes 
(and other diverse pro- and eukaryotic 
microbes) for classroom demonstrations 
(Beckwith and Light, 1927). Electron micros- 
copy has revealed additional intriguing morpho- 
logical features of some of the spirochetes, 
including the presence of crenulations (folds) 
and a sillon (deep groove) in the outer mem- 
brane, bundles of periplasmic flagella, cytoplas- 
mic tubules, and tube-like polar appendages 
(Bermudes et al., 1988; Radek et al., 1992). Spi- 
rochetes are also fairly abundant in hindguts of 
Cryptocercus punctulatus (Grimstone, 1963; 
Wier et al., 2000), a wood-eating cockroach that, 
by most analyses, is closely related to termites 
phylogenetically (Nalepa and Bandi, 2000). 
However, not much work has been done on spi- 
rochetes of C. punctulatus, perhaps owing to the 
somewhat limited distribution of this insect 
(Cleveland et al., 1934). 

In hindgut contents, spirochetes occur as indi- 
vidual, free-swimming cells within the gut fluid. 



In so-called “lower termites” (families Kaloter- 
mitidae, Mastotermitidae, Rhinotermitidae, Ser- 
ritermitidae and Termopsidae), they also occur 
as epibionts attached end-on to the plasma 
membrane of flagellate protozoa, which are also 
abundant in such termites. Depending on the 
particular protozoan, the attached spirochetes 
may be uniformly distributed over the surface or 
localized in specific regions (Kirby, 1941; Ball, 
1969; Radek et al., 1992; Radek et al., 1996; 
R^l et al., 1996). Attachment appears to be 
facilitated by a structural modification of the 
protozoan plasma membrane and/or the end of 
the spirochetal cell (Cleveland and Grimstone, 
1964; Bloodgood et al., 1974; Smith and Arnott, 
1974; Smith et al., 1975a; Smith et al., 1975b; 
Bloodgood and Fitzharris, 1976; Radek et al., 
1992; Radek et al., 1996). A spectacular conse- 
quence of such attachment is seen for Mixotricha 
paradoxa, a protozoan whose locomotion is con- 
ferred by a vestment of about 100,000 spiro- 
chetes, each inserted into the posterior face of 
bracket-like structures formed by evaginations 
of the plasma membrane (Cleveland and 
Grimstone, 1964). Although located primarily in 
the hindgut proper, spirochetes have also been 
observed among microvilli of the “mixed seg- 
ment” of higher termites (family Termitidae; 
Bignell et al., 1983). The mixed segment is a 
relatively short region of the gut lying at the 
juncture of the midgut and hindgut: it is lined 
partially by microvilli of the midgut and partially 
by the cuticular lining of the hindgut. 

The abundance of spirochetes in guts of 
healthy, vigorous termites showing no outward 
signs of disease implied that they were probably 
not pathogenic and might even benefit the ter- 
mites. Evidence consistent with the latter possi- 
bility was obtained by Eutick and coworkers, 
who observed that elimination of spirochetes 
from the gut of the higher termite, Nasutitermes 
exitiosus, by treatment with metronidazole or by 
exposure to pure oxygen was accompanied by a 
rapid decrease in termite survival (Eutick et al., 
1978). Although from such experiments it is not 
possible to conclude that spirochetes were the 
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Fig. 1. A wood-eating termite, Reticulitermes flavipes (top), 
is positioned next to a gut extracted from a separate individ- 
ual (middle). Vertical white arrowhead indicates the juncture 
between the hindgut (left) and tubular midgut (right). Bot- 
tom is a phase contrast micrograph of diluted gut contents 
obtained by needle puncture of the bulbous “paunch” region 
of the hindgut at the point shown (circle). Numerous spiro- 
chetes of various size and shape (white arrows) are seen 
among protozoa (P), a few nonspirochete prokaryotes (black 
arrows), and a not-yet-digested wood particle (W). Note also 
spirochetes attached end-on to the surface of the protozoan 
(red arrow). 



only members of the gut microbiota that were 
eliminated, most of the microscopically observ- 
able nonspirochetal microbes appeared to 
remain after such treatments, suggesting that spi- 
rochetes contributed in some way to termite 
vitality. Unfortunately, the nature of their puta- 
tive contribution(s) remained obscure, as none 
had yet been isolated and studied in pure culture. 

Ghidini and Archetti (1939) obtained an 
enrichment of what appeared to be spirochetes 
and other motile microbes from guts of Reticuli- 
termes lucifugus by allowing the organisms to 
migrate as a band into the lateral arm of a culture 
tube filled with a medium containing Ringer’s 
solution (composition not stated), 5% heat- 
inactivated rabbit serum, and 0.2-0.8% agar. 
However, although the spirochetes retained 
motility for several days, it is not clear that they 
actually grew in the medium or in subcultures 



made from the migrating band of microbes. No 
electron microscopy was done, but light micro- 
graphs included in their paper suggest that the 
spiral and undulate forms were indeed spiro- 
chetes. Most of the other published work on ter- 
mite gut spirochetes over the past hundred years 
dealt with their occurrence in various termite 
species, their morphological diversity and ultra- 
structure, and their associations with hindgut 
protozoa, and over the years an assortment of 
new genus and species names were proposed for 
various types, largely on the basis of morpholog- 
ical properties. Early work on termite gut spiro- 
chetes has been reviewed elsewhere (Breznak, 
1973; Breznak, 1984; Margulis and Hinkle, 1992). 

In recent years, our understanding of termite 
gut spirochetes has taken a giant step forward. 
The nucleotide sequences of several hundred 16S 
rRNAs have been determined for spirochetes 
from a variety of termites by using cultivation- 
independent, molecular biological approaches. 
This has helped to clarify their phylogenetic 
diversity and their natural relationships to each 
other and to other spirochetes. Three years ago, 
the first pure cultures were obtained (Leadbetter 
et al., 1999). Yet even in the short time that such 
strains have been available, research on them has 
already revealed metabolic properties hereto- 
fore unrecognized in spirochetes (e.g., H 2 /CO 2 - 
acetogenesis and N 2 fixation) and, from that, 
some of the ways in which they contribute to 
termite nutrition. This chapter will describe a 
simple procedure (suitable for classroom use) for 
observing termite gut spirochetes, as well as 
methods and media that were used to isolate the 
first pure cultures. It will also summarize our 
knowledge of their phylogeny and our recently 
enlightened, but still limited, understanding of 
their physiology and biochemistry. 



Microscopic Observation 

Termite gut spirochetes are easily observed by 
light microscopy in diluted hindgut contents, lib- 
erated by puncturing the hindgut region of an 
extracted gut and allowing the contents to ooze 
into a drop or two of buffered salts solution 
on a microscope slide, which is then covered with 
a coverslip (Fig. 1). Termites can be obtained 
from a biological supply house (e.g., Carolina 
Science and Math, http://www.carolina.com) or 
collected from nature. 

Extraction of termite guts is done by holding 
the insect by the thorax with one pair of forceps, 
and with another pair of fine-tipped forceps, 
grasping the extreme posterior portion (anus) 
perpendicular to the long body axis and pulling 
smoothly outward. The gut will often tear at or 
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near the foregut-midgut juncture so that only the 
hindgut, with a variable length of tubular midgut, 
is obtained. By chilling termites beforehand in 
a Petri dish held on crushed ice, they become 
almost completely immobile and easier to grasp 
with the forceps. Use of a dissecting microscope 
facilitates the degutting procedure, but is not 
absolutely necessary. The extracted hindgut is 
then placed on a glass slide and immediately cov- 
ered with a small amount of anoxic buffered salts 
solution prior to being punctured with a needle 
or with the sharp tip of the same forceps used to 
remove the gut. One satisfactory buffered salts 
solution, BSS (below), is based on the major 
inorganic salts determined to be present in hind- 
gut fluid of Zootermopsis angusticollis (Yamin, 
1978). 

“Worker” termites (i.e., externally undifferen- 
tiated larvae), which are typically the most abun- 
dant members of a colony, have the most robust, 
microbe-packed guts and are the best specimens 
to use for this procedure. For relatively small 
guts 1-2 pi in volume (e.g., those from subterra- 
nean termites such as Reticulitermes or Coptoter- 
mes species), it is not absolutely necessary to 
remove the guts or gut fragments prior to appli- 
cation of the coverslip. In fact, as most of the 
spirochetes appear to be sensitive to oxygen, the 
respiratory activity of the remaining gut tissue 
will help create and maintain anoxia. For rela- 
tively large termites (e.g., the western United 
States dampwood termite, Zootermopsis angus- 
ticollis), it is usually necessary to remove the 
gut from the slide after liberation of hindgut 
contents to allow the coverslip to lie flat. For 
extended observation, the edges of the coverslip 
can be sealed with petroleum jelly or nail polish 
to retard evaporation. Spirochetes in such prep- 
arations often retain their motility for several 
hours. They are best viewed by using phase con- 
trast or darkfield microscopy at 400-1000X final 
magnification. However, many can be seen with 
brightfield illumination at 100-200X by using 
inexpensive student microscopes. If preparations 
are made from lower termites, the coverslip 
should be applied gently and without forceful 
compression so as to retain the morphological 
integrity and motility of the flagellate protozoa, 
which are also interesting to observe. 



Phylogeny 

The first insights into the phylogeny of termite 
gut spirochetes came from analysis of spirochetal 
16S rRNA-encoding genes (16S rDNAs) cloned 
after polymerase chain reaction (PCR) amplifi- 
cation from termite gut DNA. The nucleotide 
sequence of the first clone so obtained, clone 



MDSl from the Australian termite Mastotermes 
darwiniensis (family Mastotermitidae), grouped 
within the genus Treponema, but it was not 
closely related to any known treponeme 
(Berchtold et al., 1994). This report was soon 
followed by reports of numerous additional spi- 
rochete 16S rDNA clones from M. darwiniensis 
(Berchtold and Kiiig, 1996), as well as from 
Nasutitermes lujae (family Termitidae) (Paster et 
al., 1996), Reticulitermes speratus (family Rhino- 
termitidae; Ohkuma and Kudo, 1996a) and 
Cryptotermes domesticus (family Kalotermiti- 
dae; Ohkuma and Kudo, 1998), and all of those 
clones grouped within the genus Treponema as 
well. As part of some of these investigations, flu- 
orescent, 16S rRNA-targeted oligonucleotide 
probes were designed on the basis of the nucle- 
otide sequences of the rDNA clones, and the 
probes were shown to react with hindgut spiro- 
chetes (Berchtold and Kiiig, 1996; Paster et al., 
1996), thereby confirming the spirochetal origin 
of the cloned rDNAs. 

In 1999, Lilburn and coworkers analyzed 
nearly 300 spirochetal 16S rDNA clones 
obtained from termites representing five of the 
seven termite families (Lilburn et al., 1999). The 
emergent picture was that although all clones 
could be grouped in the genus Treponema, none 
were closely related (i.e., all bore <91% 
sequence similarity) to any known treponeme or 
to any 16S rDNA clone derived from not-yet- 
cultured treponemes. Moreover, the clones were 
remarkably diverse at what could be considered 
the “species-level,” a result consistent with the 
morphological diversity of spirochetes seen in 
termite guts. Conservative estimates implied 
that individual termite species such as Reticuli- 
termes flavipes contain as many as 21 different 
species of Treponema. However, phylotype 
rank-abundance plots analyzed by methods used 
for macroecological systems (Tokeshi, 1993) 
implied that the distribution of clone types in R. 
flavipes was quite equitable. This may suggest 
either that the termite gut ecosystem is not in 
equilibrium or that there exists in the gut an 
assortment of niches capable of being filled by 
different species of treponemes. The data also 
revealed the existence of at least two major 
phylogenetic groups of treponemes: one (the 
traditional treponemes) consisting of all cur- 
rently known isolates of Treponema from ani- 
mals other than termites, as well as a large 
number of spirochetal 16S rDNA clones from 
the human gingival crevice and from digital der- 
matitis lesions of cattle, but containing a minor- 
ity of termite gut clones; and another, termed 
the “termite cluster,” containing the vast major- 
ity of termite gut clones (Fig. 2), as well as the 
free-living spirochetes Spirochaeta stenostrepta 
and the thermophile S. caldaria. 
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H Coptotermes formosanus (CFS) 

H Mastotermes darwiniensis (MDS) 
m Cryptotermes domesticus (Cd) 
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Fig. 2. A radial phylogenetic tree based on 16S rRNA sequence analysis of individual termite gut spirochete phylotypes or 
(in quotation marks) groups of closely related phylotypes color-coded to the termite species (bottom left) from which they 
were obtained. The latter are representatives from five of the seven known termite families. Branches in black were used for 
known species of Treponema and Spirochaeta and for treponemal phylotypes inferred from cloned 16S rDNAs. Within the 
two major groupings (the Traditional Treponemes and the “Termite Cluster” of treponemes), subgroups 1 and 2 represent 
treponemal subgroups defined by Paster et al. (1991); subgroup 3 represents the Spirochaeta subgroup; and subgroups 4, 5 
and 6 represent closely related phylotypes from C. formosanus and M. darwiniensis. Leptospira noguchii (not shown) was 
used as the outgroup. A scale bar is not included, because some of the branch lengths were distorted during construction. 
Modified from Lilburn et al. (1999), which should be consulted for further details. 
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(The latter two, as well as S. zuelzerae, were 
named before their 16S rRNA sequences were 
known. Inasmuch as they were free-living anaer- 
obes, they were assigned to the genus Spirocha- 
eta. However, they group within the genus 
Treponema on the basis of their 16S rRNA 
sequences; Paster et al, 1991.) 

Four nucleotide signatures were identified that 
almost perfectly distinguished members of the 
“termite cluster” from other treponemes. These 
were {Escherichia coli numbering): 289-GC-311; 
A at 812; and an inserted nucleotide at 1273. The 
first hints of possible coevolution between ter- 
mites and their hindgut spirochetes were also 
seen, i.e., some subgroups of clones derived from 
a particular termite species were more closely 
related to each other than to clones derived from 
other termite species (subgroups 4, 5 and 6; 
Lilburn et al., 1999; see Fig. 2). However, there 
were also numerous exceptions (Lilburn et al., 
1999). This was observed by Ohkuma and 
coworkers as well, who concluded that patterns 
of evolution between spirochetes and termites 
were far from simple (Ohkuma et al., 1999a). 
Nevertheless, it was becoming apparent that the 
roughly 2000 species of termites on earth consti- 
tuted an enormous reservoir of novel trepone- 
mal diversity. 



Isolation 

Background and General Procedures 

In 1999, the first stable and transferable enrich- 
ment cultures of termite gut spirochetes were 
established from hindgut contents of Zooter- 
mopsis angusticollis (family Termopsidae), and 
from them the first pure cultures of termite gut 
spirochetes were obtained: Treponema sp. strains 
ZAS-1 (Fig. 3a, b and c) and ZAS-2 (Leadbetter 
et al., 1999). 

A third strain, ZAS-9 (Fig. 3d and e) was sub- 
sequently isolated by direct inoculation of hind- 
gut contents into an agar dilution series (Lilburn 
et al., 2001). 

The composition of the original enrichment 
and isolation media and improved growth media 
for routine cultivation of ZAS strains is given 
below. However, it is worth relating some char- 
acteristics of the initial enrichment cultures, as 
well as the methods used to monitor their 
progress and to isolate spirochetes from them, as 
this may aid future efforts. One factor that 
probably contributed to the success of initial 
enrichments was the inclusion of rifamycin and 
fosfomycin in media (two drugs to which spiro- 
chetes are intrinsically resistant; Stanton and 
Canale-Parola, 1979; Wyss et al., 1996). Another 
was supplementation of media with nutrient 
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Fig. 3. Morphology of termite gut Treponema strain ZAS-1 
(a, b and c), which is similar to strain ZAS-2 (not shown) and 
strain ZAS-9 (d and e). Arrows point to periplasmic flagella. 
Marker bars correspond to 10 pm (a and d; phase contrast 
micrographs) and 0.1 pm (c, d and e; electron micrographs). 
Panels a, b and c are from Leadbetter et al. (1999); panels d 
and e were provided by J. R. Graber. All were used by per- 
mission. Reprinted with permission from Leadbetter et al., 
Science 283, 686, Fig. 1. Copyright 1999 American Associa- 
tion for the Advancement of Science. 



broth and pre-fermented, pH neutralized, clari- 
fied rumen fluid as a source of growth factors. 
Pre-fermentation of rumen fluid was done in an 
effort to minimize the amount of readily fer- 
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mentable carbohydrate present and hence dis- 
courage overgrowth of spirochetes by undesired 
fermentative forms (a problem that plagued 
many previous isolation attempts in our labora- 
tory even when rifamycin was used to suppress 
nonspirochetal bacteria). A third factor was the 
use of an anoxic headspace composed of 80% 
H 2 / 20 % CO 2 (a mixture that later proved to be 
an energy source for some of the isolates), along 
with the inclusion of bromoethanesulfonate in 
the medium to inhibit H 2 -utilizing methanogens 
(Oremland, 1988). A fourth factor was patience. 
Successful enrichments took a long time to 
develop (10-12 weeks at room temperature) and 
even then did not result in much turbidity (max- 
imum ODeoonm ~ 0.1; 18 mm light path). Enrich- 
ments were periodically checked for growth by 
viewing the rubber-stoppered, anoxic culture 
tubes or bottles when held near a diffusely sun- 
lit window in an otherwise unlit room. The elon- 
gated, slender nature of spirochetal cells tended 
to impart a convective or silky appearance to the 
liquid medium when swirled, and so cultures 
were qualitatively examined for this property. 
Samples of culture fluid were also monitored 
microscopically, by using darkfield or phase con- 
trast optics at lOOX or 400X magnification. Peri- 
odic microscopy of incipient enrichment cultures 
exhibiting little or no visible turbidity was useful 
in evaluating which of a variety of test media 
formulations supported the longest retention of 
spirochete motility and morphological integrity 
and an increase in spirochete biomass. The latter 
was seen as an increase in the length of cells and 
the appearance of division stages. Microscopic 
examination also enabled an estimation of the 
number of spirochetes relative to nonspirochetal 
microbes and revealed when spirochete growth 
and motility were slowing, thereby prompting 
subculture into fresh medium. 

It was noticed that growth of spirochetes in 
successful enrichments was accompanied by con- 
sumption of H 2 and CO 2 from the headspace and 
production of near stoichiometric amounts of ace- 
tate, suggesting that some of the spirochetes might 
be capable of performing H 2 /C 02 -acetogenesis 
(i.e., 4 H 2 + 2 CO 2 ^ CH3COOH 2 H 2 O 
[AG°' = -105 kJ per mol acetate]), an assumption 
that later proved to be correct (see below). Con- 
sumption (or production) of headspace gas in 
rubber-stoppered culture vessels is easily mea- 
sured by using graduated glass syringes, whose 
matched barrel and plunger surfaces are lubri- 
cated with a thin application of Sigmacote 
(Sigma- Aldrich, St. Louis, MO) so as to be gas 
tight but slide easily. These are fitted with a ster- 
ile, disposable filter unit (0.22 pm pore diameter) 
and a 25 -gauge needle. The syringe is flushed 
several times with the sterile anoxic gas of choice 
and left half-filled on first insertion through the 



rubber stopper, whereupon the pressure is 
allowed to return to 1 atmosphere by allowing 
the plunger to glide to rest. If the cells use the 
headspace gas as a substrate, a syringe filled with 
that gas will simultaneously replenish the 
amount consumed. The size of syringe used 
depends on the volume of the headspace in the 
vessel and the extent of gas production or con- 
sumption. In general, the syringes used have a 
capacity of 10-20% of the headspace being mea- 
sured. Syringe methods for the isolation and 
manipulation of anaerobes are described by 
Hungate (1969). 

In such enrichments, spirochetes eventually 
grew to outnumber other bacteria by about 50:1, 
and from these the first pure cultures {Treponema 
strains ZAS-1 and ZAS-2) were isolated by per- 
forming dilution series in rubber stoppered tubes 
of the same medium solidified with agar. It was 
later found that spirochetes could be isolated 
directly from hindgut contents in agar dilution 
series without prior enrichment {Treponema 
strain ZAS-9). Agar tubes should be incubated 
upside down (mouth side down) to allow the 
water exuded from the agar to accumulate on the 
rubber stopper, from which it can be periodically 
removed by using a sterile syringe and needle. 
This will keep the surface of the agar relatively 
dry, facilitating subsequent picking of subsurface 
colonies for isolation of pure cultures. Sterile 
syringes can also be used to monitor gas con- 
sumption and production within the tubes, as 
described above. The general procedure for per- 
forming agar dilution series (which can be done 
by using rubber stoppered tubes and sterile, O 2 - 
free gas-flushed syringes and needles) and for 
picking subsurface colonies with a drawn out Pas- 
teur pipette is described by Hungate (1969) and 
by Widdel and Bak (see Gram-Negative Meso- 
philic Sulfate-Reducing Bacteria in the second 
edition). 

In agar dilution series incubated at room tem- 
perature, colonies of spirochetes took 2-3 
months to develop. Isolated colonies were spher- 
ical, and their diameter (1-3 mm) increased with 
time. They were semi-transparent and difficult to 
see and were best observed in diffuse light (as 
described above). Colonies of strains ZAS-1 and 
ZAS-2 growing under an atmosphere of 80% H 2 / 
20% CO 2 were larger near the meniscus owing 
to their use of inwardly diffusing H 2 as an energy 
source. By contrast, colonies of strain ZAS-9 
(which produces H 2 ) were accompanied by gas 
bubbles or cracks in the agar gel. 

In pure culture, the growth rate and yield of 
isolated strains were greatly improved by replac- 
ing the rumen fluid and nutrient broth com- 
ponents of the isolation medium with yeast 
autolysate and by supplementation of the 
medium with additional cofactors (2YACo 
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medium and 4YACo medium, below) and, for 
strain ZAS-9 (which is not an H2/C02-acetogen), 
by provision of a mixture of disaccharides. 

Nine additional “ZAS” strains have since been 
isolated in our laboratory from Z. angusticollis, 
and six “RFS” strains have been isolated from R. 
flavipes (J. A. Breznak, unpublished data). How- 
ever, these 15 strains still grow very poorly and 
hence have not yet been studied in detail. By 
contrast, we have been unsuccessful in establish- 
ing enrichment cultures or performing direct 
isolation of spirochetes from hindgut contents 
of the Formosan subterranean termite, Coptoter- 
mes formosanus, which is in the same family 
(Rhinotermitidae) as R. flavipes. Clearly, much 
remains to be learned about the nutritional and 
physiological idiosyncrasies of termite gut 
spirochetes. 



Media for Observation, Enrichment, 
Isolation and Cultivation 

For routine microscopic examination of termite 
hindgut contents, the following medium is 
recommended. 

Buffered Salts Solution (BSS; Breznak and Switzer, 



1986) 

K2HPO4 2.5 g 

KH2PO4 1.0 g 

KCl 1.6 g 

NaCl 1.4 g 

Distilled water 999 ml 



Adjust to pH 7.2; deoxygenate by boiling and cooling 
under 100% N2; add deoxygenated 1 M dithiothreitol to 
a final concentration of 1 mM. Store in a butyl rubber- 
stoppered tube or serum bottle under 100% N2. 

Use the following for enrichment and isolation 
of termite gut Treponema strains ZAS-1 and 
ZAS-2. 

Modified JM-4 Medium (Leadbetter et al., 1999) 



NaCl 


1.0 g 


KCl 


0.5 g 


MgCbhH 2O 


0.4 g 


CaCl22H 2O 


0.1 g 


NH4CI 


10.3 g 


KH2PO4 


0.2 g 


Na2S04 


0.15 g 


Nutrient broth (Difco) 


2.0 g 


Bromoethane sulfonate (BES), Na salt 


10.0 g 


Bovine rumen fluid (below) 


170 ml 


0.1 M 3-A-[morpholino]propanesulfonate 


100 ml 


(MOPS), pH 7.2 




Distilled water 


686 ml 


1.0 M NaHCOs (below) 


69 ml 


Trace element mixture with EDTA (below) 


1 ml 


Selenite-tungstate solution (below) 


1 ml 


Six-vitamin solution (below) 


1 ml 


Vitamin B12 Solution (below) 


1 ml 


Rifamycin-fosfomycin solution (below) 


10 ml 



The medium is prepared by using procedures similar 
to those described for cultivation of other anaerobic 
microbes (see Gram-Negative Mesophilic Sulfate- 
Reducing Bacteria in the second edition). All compo- 
nents except for the last six solutions are combined, 
autoclaved, and cooled under a gas phase of 80% N2/20% 
CO2, after which the other ingredients are added, and the 
pH is adjusted to 12 - 13 . The headspace is then changed 
to 80% H2/20% CO2 for dispensing into culture tubes or 
larger vessels, which are subsequently sealed with butyl 
rubber stoppers. Prior to inoculation, the medium is 
reduced by adding 100 mM dithiothreitol (separately 
sterilized under 100% N2) to a final concentration of 
1 mM. Resazurin (0.1 mg per liter, final concentration) 
may be incorporated into the medium (if desired) as a 
redox indicator. Solid media are prepared by incorporat- 
ing agarose (Gibco/Invitrogen, Carlsbad, CA) at a final 
concentration of 8.0-10.0 grams per liter. 

Bovine Rumen Fluid 

This is obtained from a fistulated, forage-fed dairy cow. 
Large particles are removed by wringing the fluid through 
two layers of cheesecloth immediately after collection 
and the expressed liquid is pooled in an Erlenmeyer flask, 
whereupon it is left to ferment overnight at 37°C in a 
water bath in a vented fume hood. The fermented liquid 
is adjusted to pH 7.0 with NaOH, clarified by centrifuga- 
tion, and autoclaved under 100% N2. 

1.0 M NaHCOs, Trace Element Mixture with EDTA, 
Selenite-Tungstate Solution and Vitamin B 12 Solution 

I For composition, see Widdel and Bak, Gram-Negative 
Mesophilic Sulfate-Reducing Bacteria, in the second 
edition. 

Six- Vitamin Solution (Widdel and Pfennig, 1981) 



4-Aminobenzoic acid 4 mg 

Nicotinic acid 10 mg 

Calcium-D(-i-) -pantothenate 5 mg 

Pyridoxine HCl 15 mg 

Thiamine HCl 10 mg 

Biotin 1 mg 

Distilled water 80 ml 



While being stirred, the mixture is neutralized by drop- 
wise addition of 0.1 M NaOH, which facilitates solubili- 
zation of all constituents. The solution is then brought up 
to 100 ml with distilled water, filter-sterilized, and stored 
at 4°C. 

Rifamycin-Fosfomycin Solution 

Rifamycin SV (Na salt) 1.0 g 

Fosfomycin 1-0 g 

Distilled water 100 ml 

This solution is filter-sterilized and stored at 4°C. 

The following media are also for cultivation of 
Treponema strains ZAS-1 and ZAS-2. 

2YACo and 4YACo Media (Leadbetter et al., 1999) 
These are similar to modified JM-4 medium (above), 
except rifamycin-fosfomycin solution is omitted, and 
rumen fluid and nutrient broth are replaced in 

2YACo medium by 140 ml of distilled water, 20 ml of 
yeast autolysate (below) and 20 ml of cofactor solution 
(below), and in 

4YACo medium by 120 ml of distilled water, 40 ml of 
yeast autolysate and 20 ml of cofactor solution. 
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Yeast Autolysate Solution 

Preparation is similar to that described for inclusion in 
the OTI medium of Smibert (Miller et al., 1992). Fifty-six 
grams of dry baker’s yeast (Red Star Yeast and Products, 
Milwaukee, WI) are suspended in 200 ml of distilled 
water in an Erlenmeyer flask and allowed to autolyse for 

24 h at 56° C with occasional swirling of the contents. Cell 
debris is then removed by centrifugation, and the super- 
natant liquid is neutralized with 5 N NaOH, fllter-steril- 
ized, and stored under 100% N 2 at 4°C. 

Cofactor Solution 

This includes a mixture of cofactors used in a deflned 
medium for cultivating oral anaerobes (Wyss, 1992) and 
contains (mg per 100 ml of stock solution): thiamine pyro- 
phosphate, 250; pyridoxal HCl and pyridoxal phosphate, 

25 each; calcium folinic acid, (3-NAD, coenzyme A and 
FAD, 5 each; nicotinamide, 2.5; folic acid, 0.25; riboflavin, 
0.05; and 10 ml of hemin (650 pg/ml in 10 mM NaOH). It 
is fllter-sterilized and stored under 100% N 2 at 4°C. 

The following is recommended for the cultiva- 
tion of Treponema strain ZAS-9. 

SYACo Medium 

The composition is identical to that of 2YACo medium, 
except that it includes a mixture of disaccharides (cello- 
biose, maltose, sucrose and trehalose, 5 mM each; added 
from a 50X, fllter-sterilized stock solution under 100% 
N 2 ) and is incubated under a headspace of 80% N 2 / 20 % 
CO2. 

For studies of nitrogen fixation, cells were 
grown in homologous media (above), except that 
tungstate was omitted from the selenite-tung- 
state solution; Na 2 Mo 042 H 20 present in the 
trace element mixture with EDTA was increased 
from 36 mg (equiv. to 0.15 pM in the complete 
medium) to 1200 mg (5 pM); and exogenous 
NH4CI was omitted for derepression of nitroge- 
nase (Lilburn et al., 2001). 

Properties of Isolated Strains 

Treponema strains ZAS-1 and ZAS-2 are similar 
in morphology and size (0.2 pm x 3-7 pm), and 
both have two periplasmic fiagella, each inserted 
at opposite ends and overlapping for most of the 
length of the cell (Fig. 3a, b and c). Both are 
homoacetogens capable of H 2 /C 02 -acetogenesis, 
and cell extracts of both possess CO dehydroge- 
nase, formate dehydrogenase and hydrogenase 
activities (Leadbetter et al., 1999), implying that 
H 2 /C 02 -acetogenesis probably occurs via the 
Wood/Ljungdahl (acetyl Co A) pathway (Drake, 
1994). 

In 4YACo medium under a headspace of 80% 
H2/20% CO 2 at 30°C, ZAS-1 grows with a dou- 
bling time of 23-24 h and achieves cell densities 
of 1.4 X 10^ cells/ml, whereas ZAS-2 grows with 
a doubling time of about 48 h and achieves cell 
densities of about 3 x 10^ cells/ml. However, 
although both strains consume H 2 during growth 



in 4YACo medium, the growth of ZAS-2 is 
strictly dependent on the presence of H 2 in the 
headspace, whereas ZAS-1 grows equally well in 
the absence of H 2 by using as yet unknown 
constituents of yeast autolysate as fermentable 
substrates. Little or no growth of either strain 
occurs if the cofactor solution or yeast autolysate 
is omitted from the medium, and for as yet 
unknown reasons, yeast autolysate prepared in 
the laboratory could not be replaced by a variety 
of commercial yeast extracts and autolysates 
(Leadbetter et al., 1999). 

Treponema strain ZAS-9 is easily distin- 
guished from strains ZAS-1 and ZAS-2 morpho- 
logically (Fig. 3d). Cells of ZAS-9 are longer 
(0.2 pm X 10-15 pm) and appear more tightly 
coiled, i.e., their wavelength or cell body pitch 
(1.2 pm) is substantially shorter than that of 
ZAS-1 and ZAS-2 (3.8 pm). Nevertheless, like 
ZAS-1 and ZAS-2, ZAS-9 also possesses two 
periplasmic fiagella (Fig. 3e). ZAS-9 also differs 
from ZAS-1 and ZAS-2 physiologically. It is not 
a homoacetogen, but produces a mixture of ace- 
tate, ethanol and hydrogen (and presumably also 
CO 2 ) during sugar fermentation, and it is incapa- 
ble of growth on H 2 + CO 2 . During growth in 
SYACo medium at 30°C, strain ZAS-9 exhibits 
a doubling time of 46 h and attains a density of 
about 7 X 10^ cell/ml (Graber and Breznak, 
2000). When grown under nitrogen-fixing condi- 
tions (above), ZAS-9 exhibits N 2 -dependent 
growth, and the levels of nitrogenase activity (1.2 
pg N 2 fixed per h per mg protein; estimated by 
acetylene reduction) are much greater than 
those exhibited by strains ZAS-1 and ZAS-2 
(<0.1 pg N 2 fixed per h per mg protein). Fixation 
of ^^N 2 by ZAS-9 was demonstrated (Lilburn et 
al., 2001). Conditions have not yet been estab- 
lished to demonstrate N 2 -dependent growth by 
strains ZAS-1 and ZAS-2. 

Treponema strains ZAS-1, ZAS-2 and ZAS-9 
all group within the “termite cluster” of tre- 
ponemes (Fig. 4). 



Ecology 

Acetogenesis 

The production of acetate by termite gut 
spirochetes, either by homoacetogenesis or het- 
eroacetogenesis, implies an important role for 
them in the nutrition of termites, which use 
microbially produced acetate as a major carbon 
and energy source. However, the performance of 
H 2 /C 02 -acetogenesis by termite gut spirochetes, 
although offered as a speculation nearly 25 years 
earlier (Breznak, 1973), was still surprising 
because this mode of metabolism had never been 
described in spirochetes. Nevertheless, this met- 
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Fig. 4. Phylogeny of selected spirochetes and termite gut 
spirochete 16S rDNA clones (T Gut Clone) showing the 
distribution of nifH and nitrogenase activity within this phy- 
lum. The tree was inferred by maximum likelihood analysis 
of 16S rDNAs from isolated termite gut Treponema strains 
ZAS-1, ZAS-2 and ZAS-9 (red), from other representative 
host-associated and free-living spirochetes, and from cloned 
16S rDNA genes obtained by PCR amplification from gut 
contents of the termites Zootermopsis angusticollis (prefix 
ZAS), Reticulitermes flavipes (RFS) and Nasutitermes lujae 
(NL).The homologous sequence from E. coli was used as the 
outgroup. Scale bar represents units of evolutionary distance 
and is based on sequence divergence. Absence of a symbol 
next to the species name indicates that the spirochete was 
not examined for the property. Modified from Lilburn et al. 
( 2001 ). 



abolic property helps explain the enigmatic 
dominance of H 2 /C 02 -acetogenesis over H 2 / 
C02-methanogenesis in the hindgut of many 
wood-feeding termites (Breznak, 1994). Micro- 
electrode-determined, radial profiles of H 2 gra- 
dients in hindguts of wood-feeding termites such 
as R. flavipes had revealed that the highest con- 
centrations of H 2 (up to 50,000 parts per million 
by volume [ppmv]) occurred in the luminal 
region (Ebert and Brune, 1997), being produced 
there largely by the protozoa in “lower” termites 
(such as R. flavipes) and by prokaryotes in 
“higher” termites. This is also the region of the 
hindgut in which spirochetes were most abun- 



dant. By contrast, H 2 -consuming methanogens 
(and most other non-spirochetal prokaryotes) in 
R. flavipes were situated on or near the hindgut 
epithelium (Leadbetter and Breznak, 1996), 
where H 2 concentrations were lowest (ca. 
3,000 ppmv). Thus, it appears that the dominance 
of H 2 /C 02 -acetogenesis reflects, in large part, the 
spatial separation of the H 2 -consuming popu- 
lations, with H 2 /C 02 -acetogenic spirochetes 
consuming most of the H 2 at its source of 
production and wall-associated methanogens 
using what H 2 is left over. That wall-associated 
methanogens are indeed limited for H 2 was 
shown by the fact that externally supplied H 2 
stimulated methane emission (Ebert and Brune, 
1997; Messer and Lee, 1989), but it had virtually 
no effect on in situ rates of acetogenesis from 
CO 2 (Tholen and Brune, 2000). The importance 
of microbial spatial relationships on the func- 
tioning of the termite gut microbiota has recently 
been discussed in detail (Brune and Friedrich, 
2000 ). 

The ability of spirochetes to conserve the 
energy of H 2 oxidation suggests that attachment 
of spirochetes to the surface of hindgut protozoa 
probably reflects a strategy used by some of them 
to remain close to major sites of H 2 production. 
Recent elegant experiments with fluorescent, 
rRNA-targeted oligonucleotide probes suggest 
that attachment to protozoa is limited to distinct 
phylogenetic types of spirochetes (lida et al., 
2000). However, the fact that strain ZAS-9 pro- 
duces, but does not consume, H 2 implies that 
interspecies transfer of H 2 between spirochetes 
is probably also occurring in the luminal region 
of termite hindguts. 

Nitrogen Fixation 

N 2 fixation by termite gut microbes has been 
known for many years (Breznak, 2000), and in 
light of the typically carbon-rich but nitrogen- 
poor diet of termites, it is not surprising that N 2 
fixation contributes as much as 60% of the N in 
some termite colonies (Tayasu et al., 1994). How- 
ever, N 2 -fixing microbes from termites were not 
well-represented in culture, and those that had 
been obtained M Citrobacter freundii (French 
et al., 1976), Enterohacter (now Pantoea) agglo- 
merans (Potrikus and Breznak, 1977) and Des- 
ulfovibrio sp. (Kuhnigk et al., 1996) — were of 
uncertain quantitative significance to the process 
occurring in vivo. Indeed, surveys of nifH (nitro- 
genase Fe-protein-encoding gene) homologues 
present in termite guts indicated that the diver- 
sity of N 2 -fixing organisms was far greater than 
that inferred by using cultivation-based methods, 
with most of such nifH homologues not readily 
attributable to known microbial taxa (Ohkuma 
et al., 1996b; Ohkuma et al., 1999b). 
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Recent examination of ZAS-strains revealed 
that each possessed two homologues of nifH and 
each exhibited nitrogenase activity, with ZAS-9 
exhibiting the greatest specific activity, ca. 100- 
fold greater than that of ZAS-1 and ZAS-2 
(Lilburn et al, 2001). Of particular interest was 
the fact that the deduced NifH amino acid 
sequences of several spirochetes, including ZAS- 
strains, were identical or nearly identical to var- 
ious NifHs previously observed in termite guts, 
including NifHs known to be expressed in vivo 
(Noda et al, 1999), suggesting that the latter 
were likely to be of spirochete origin. Estimates 
of the potential contribution of spirochetes to 
the N 2 -fixing activity exhibited by live termites 
indicated that it could be significant and account 
for all or a substantial fraction of N 2 fixed by 
various termite species (Lilburn et al., 2001). 

Inasmuch as N 2 fixation was another property 
hitherto unknown in spirochetes, a survey was 
made for the presence of nifH and nitrogenase 
activity in other members of this phylum. So far, 
these traits are found to be restricted to certain 
species of Treponema and Spirochaeta; however, 
not all spirochetes that possessed nifH could be 
shown to fix N 2 (Lilburn et al., 2001; Fig. 4). 



Conclusion 

Our understanding of termite gut spirochetes, 
and in particular their role in termite nutrition, 
has come a long way in a relatively short time. It 
is now clear that spirochetes contribute to the 
carbon, nitrogen and energy requirements of 
termites via acetogenesis and N 2 fixation, and 
this is probably why their elimination from guts 
reduces the life span of termites. However, in 
light of the phylogenetic diversity of spirochetes 
in termites, it seems almost certain that the few 
strains now in culture offer but an introductory 
glimpse of the physiological diversity of the 
group as a whole, to be fully appreciated only 
when more representatives are coaxed into 
culture and better culture conditions are 
developed for those strains whose growth is still 
poor. In the meantime, metabolic properties 
elucidated with the already studied strains in 
vitro must now be evaluated in vivo. For exam- 
ple, what is the spirochete-specific contribution 
to H 2 /C 02 -acetogenesis and N 2 fixation occur- 
ring in vivo? Which phylogenetic groups of spi- 
rochetes are most important in these processes? 
What properties of spirochetes (or of the termite 
gut itself) enable them to become such a pro- 
minent component of the microbiota? Hope- 
fully, creative and converging experimentation 
will soon provide answers to these intriguing 
questions. 
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CHAPTER 4.6 

The Genus Brachyspira 

THADDEUS B. STANTON 



Phytogeny and Taxonomy 

Brachyspira is the sole genus assigned to the pro- 
posed Family “Brachyspiraceae” in the Order 
Spirochaetales (Paster and Dewhirst, 2000). The 
Order Spirochaetales contains all spirochetes. 
The spirochetes represent a monophyletic lin- 
eage and a major early branch in eubacterial 
evolution (Paster et al., 1984; Paster and Dew- 
hirst, 2000). Brachyspira cells share with other 
spirochetes several properties that distinguish 
them from other bacteria. These include a helical 
cell shape (Fig. 1) and a cell ultrastructure that 
features internal periplasmic flagella, 16S rDNA 
sequences with spirochete signature nucleotide 
bases, and a natural resistance to the antibiotic 
rifampin (Paster and Dewhirst, 1997; Paster and 
Dewhirst, 2000). Brachyspira species are readily 
differentiated from other spirochete genera 
based on comparisons of their 16S rDNA 
sequences (Paster et al., 1991; Paster and Dew- 
hirst, 1997). 

General Characteristics 

Brachyspira species have been isolated from 
animal or human intestinal contents, feces- 
contaminated habitats (e.g., duck ponds), and 
human blood. They are anaerobic bacteria but 
are aerotolerant due, at least in part, to high 
NADH oxidase activity. They use soluble sugars 
as carbon and energy sources. Growing cells of 
Brachyspira species {B. aalborgi has not been 
investigated) consume low concentrations of 
oxygen via NADH oxidase and produce acetate, 
butyrate, H 2 and CO 2 from glucose. Some species 
also produce ethanol. Brachyspira DNAs have a 
low G+C content (24.5-26.7 mol%; undeter- 
mined for B. aalborgi). Brachyspira species have 
high 16S rDNA sequence similarities with each 
other. Brachyspira strains have been assigned to 
eight electrophoretic type (FT) groups based on 
multilocus enzyme electrophoresis (MEE) anal- 
ysis. The MEE groups correspond to seven spe- 
cies as defined from DNA homology studies and 
one currently uncharacterized provisional spe- 
cies (“5. canis''). Uncharacterized intestinal spi- 



rochetes of chickens are likely to represent a new 
Brachyspira species, “B. pullF (Gabe et al., 1998; 
Stephens and Hampson, 2001). It has been rec- 
ommended that uncharacterized/uncultured spi- 
rochetes from the human intestine be named “B. 
christiani” (Jensen et al., 2001).^ 

Brachyspira Species 

There are seven recognized species of the genus 
Brachyspira (Table 1). The species B. hyodysen- 
teriae, B. pilosicoli, B. alvinipulli and B. interme- 
dia have been shown to cause disease when 
inoculated as pure cultures into their healthy, 
natural hosts. The type strain of each species is 
available from the American Type Culture Col- 
lection (ATCC; Table 1) and these strains should 
be included in studies of Brachyspira species. 

History of Brachyspira Taxonomy 

In the past 25 years, there have been several 
taxonomic changes for spirochetes now assigned 
to the genus Brachyspira. Initially, the designa- 
tion ‘‘Treponema hy odys enter iae'' was applied 
to both pathogenic (strongly hemolytic) and 
nonpathogenic (weakly hemolytic) strains of 
intestinal spirochetes from swine. By analysis of 
DNA-DNA relative reassociation, Miao and col- 
leagues found that these pathogenic and non- 
pathogenic strains share only 28% sequence 
homology (Miao et al., 1978). Tliis low sequence 
homology led to the reclassification of the non- 
pathogenic strains as a new species. Treponema 
innocens (Kinyon and Harris, 1979). In 1991, 
Stanton and colleagues proposed a reclassi- 
fication of T. hyodysenteriae and T. innocens 
to a new genus “Serpula'' based on 16S rRNA 
sequence analysis, DNA-DNA relative reassoci- 



^The naming of uncharacterized/uncultured brachyspires is 
scientifically imprudent, even as a temporary precedent to 
proper taxonomic studies. It can become detrimental to 
future scientific communication. The practice is not a substi- 
tute for phenotypic and genotypic analyses of these marvel- 
ous spirochetes and should be avoided. 
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ation (SI nuclease method), protein electro- 
phoretic profiles, and genomic DNA restriction 
endonuclease analysis (Stanton et al, 1991). The 
genus name Serpula was then changed to ‘‘Ser- 
pulina'' after it was determined that Serpula had 
prior use as a name for a genus of fungi (Stanton, 
1992). Most recently, Ochiai et al. (1997) pro- 
posed the unification of the genera Serpulina and 
Brachyspira. The genus name Brachyspira was 
first given to a human intestinal isolate, Brachyp- 
sira aalborgi, in 1982 (Hovind-Hougen et al., 
1982). Owing to the use of the genus name 
Brachyspira prior to the genus designation Ser- 
pulina, this proposed change is consistent with 




Fig. 1. A) Brachyspira alvinipulli Cl^ cells and B) B. hyod- 
ysenteriae B78^ cells. Phase contrast photomicrographs of 
wet mount preparations. Marker bars = 10 pm. From Stanton 
et al. (1998), with permission. 



international taxonomic rules governing bacte- 
rial nomenclature and should be followed. 
Unfortunately, at the same time, the action has 
raised Brachyspira aalborgi to the status of type 
species of the genus Brachyspira. Unlike strains 
of the other Brachyspira species (especially hyo- 
dysenteriae and pilosicoli), only strain 513A^ of 
B. aalborgi has undergone a very limited charac- 
terization (Hovind-Hougen et al., 1982; Ochiai 
et al., 1997). More extensive biochemical, physi- 
ological and genetic investigations of this species 
are clearly needed. Brachyspira aalborgi is cur- 
rently considered a commensal species of the 
human intestinal microbiota. Finally, in older lit- 
erature references, the species B. pilosicoli was 
given the provisional designation ‘‘Anguillina 
coir (Lee et al., 1993b; Park et al., 1995). 

Multilocus Enzyme Electrophoresis 
(MEE) Analysis 

MEE analysis is a useful molecular typing 
technique for differentiating, identifying and 
determining phylogenetic relationships of taxo- 
nomically related bacteria and for determining 
their phylogenetic relationships (Selander et al., 
1986). Based on MEE analysis of 15 constitutive 
enzymes, Hampson and colleagues (Lee et al., 
1993a; Lee et al., 1993b; Lee et al., 1993c; Lee 
and Hampson, 1994; Swayne et al., 1995; Trott et 
al., 1996a) have assembled hundreds of intestinal 
Brachyspira strains into MEE groups (Stanton 
et al., 1996; Duhamel et al., 1998). The DNA 
homologies between strains in different MEE 
groups range from 21 to 64% and the homologies 
between strains within the same MEE group are 
78% or greater (Stanton et al., 1991; Stanton 
et al., 1997b; Stanton et al., 1998; Trott et al., 
1996c). The recommended phylogenetic defini- 
tion of a species includes strains with 70% or 
greater DNA-DNA relatedness and with 5°C or 
less ATm (Wayne et al., 1987). Thus, the MEE 
technique can be used for the presumptive iden- 
tification of Brachyspira species and for predict- 
ing new species. Tlie single best “stand alone” 
technique for confirmed identification of a new 



Table 1. Brachyspira species, pathogenicity, and animal hosts. 



Species 


Type strain 


ATCC number 


Intestinal origin 


Demonstrated pathogenicity (animal)'' 


B. hyodysenteriae 


B78'^ 


27164 


Swine and rheas 


Yes (swine) 


B. innocens 


B256'^ 


29796 


Swine 


No 


B. intermedia 


PWS/A’' 


51140 


Swine and chickens 


Yes (chickens) 


B. pilosicoli 


P43/6/78’' 


51139 


Swine, birds, dogs, humans. 


Yes (swine) 








and nonhuman primates 


Yes (chickens) 


B. murdochii 


56-150'^ 


51254 


Swine and rats 


No 


B. aalborgi 


513A’' 


43994 


Humans 


No 


B. alvinipulli 


Cl^ 


51933 


Chickens 


Yes (chickens) 



Ture cultures of either the type strain or other strains cause disease when inoculated into normal, healthy host animals. 
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Brachyspira species is DNA-DNA relative reas- 
sociation using the SI nuclease method (Crosa 
et al, 1973; Grimont et al, 1980). 

16S rDNA Sequence Analyses 

Comparative analysis of 16S rDNA (rrs gene) 
sequences has played an essential role in estab- 
lishing a phylogeny-based classification of the 
spirochetes (Paster and Dewhirst, 2000). Based 
on 16S rDNA sequence comparisons, the Brach- 
yspira represent a distinct line in spirochete evo- 
lution (Paster et al., 1991; Stanton et al., 1991; 
Paster and Dewhirst, 1997). Consequently, 16S 
rDNA sequence determinations are important 
for classifying these enteric bacteria as spiro- 
chetes and for identifying them as members of 
the genus Brachyspira (Olsen et al., 2000). 

Partial rrs sequences have been obtained for 
intestinal spirochetes from various animal hosts 
and humans (Hookey et al., 1994; Fellstrom et 
al., 1995; Pettersson et al., 1996; Stanton et al., 
1996; De Smet et al., 1998; Kraaz et al., 2000). 
Intestinal spirochete dendrograms based on 
16S rDNA sequence comparisons correlate with 
the genetic groupings based on MEE analysis 
(Stanton et al., 1996). 

In view of the substantial rrs gene similarity 
among Brachyspira species (Table 2), it is 
recommended that new species be designated 
only after their phylogenetic relationships with 
known Brachyspira species are confirmed by 
additional techniques (Stanton et al., 1996). One 
additional method is MEE analysis (MEE anal- 
ysis). Another method, the conventional “gold 
standard” technique for identification of bacte- 
rial species, is DNA sequence homology estima- 
tion (Wayne et al., 1987). For estimating DNA 
sequence homology, DNA-DNA relative reasso- 
ciation using the SI nuclease method with AT^ 
evaluation is recommended (Crosa et al., 1973; 
Grimont et al., 1980). 

16S rDNA of Uncultured 
B. aalborgi-likt Species 

Recent studies suggest there are uncharacterized 
Brachyspira species phylogenetically more 
closely related to B. aalborgi than to B. hyodys- 
enteriae (Pettersson et al., 2000). Rrs genes were 
amplified from unknown bacteria within colonic 
biopsy samples of two human patients. Seven- 
teen spirochetal-like sequences resembled those 
of B. aalborgi. Three clusters of sequences could 
be differentiated. One contained the two culti- 
vated strains of B. aalborgi. Although only 0.5- 
1.3% of the 16S rDNA sequence is different 
between clusters, this same level of sequence dif- 
ference exists between different Brachyspira 
species (Table 2). Thus, the strains more than 



likely represent one or two new Brachyspira spe- 
cies (Pettersson et al., 2000). 

By contrast to these studies analyzing almost 
complete 16S rRNA sequences of intestinal 
spirochetes, other investigators have relied on 
sequences of short sections (i.e. 433 bp and 
241bp) of 16S rRNA genes for the identification 
of Brachyspira aalborgi strains (Koteish et al., 
2003; Munshi et al., 2003). The highly conserved 
nature of thel6S rRNA sequences of known 
Brachyspira species and the potential diversity 
of human intestinal spirochetes make these iden- 
tifications, at best, presumptive. Important in 
determining the significance of intestinal spiro- 
chetes to human health will be the characteriza- 
tion of the HIS-specific spirochetes in pure 
culture. 

23S rDNA Sequence Analysis 

Approximately 2,470-bp of the 23S rDNA genes 
of B. hyodysenteriae, B. innocens, B. intermedia, 
B. murdochii and B. pilosicoli strains have been 
sequenced (Leser et al., 1997). The 23S rDNA 
sequences are highly (96.8-99.8%) similar. A 
phylogenetic tree based on sequence compari- 
sons is consistent with 16S rDNA-based and 
MEE-based comparisons of these species. Vari- 
ous Brachyspira species can be differentiated by 
23S rDNA-targeted polymerase chain reaction 
(PCR) assays (Leser et al., 1997) or by PCR- 
restriction fragment length polymorphism 
(RFLP) analysis of 23S rRNA genes (Barcellos 
et al., 2000). 

Habitat 

Brachyspira species colonize the lower intestinal 
tracts (ceca and colons) of animals and humans. 
Brachyspira pilosicoli, B. aalborgi, B. hyodysen- 
teriae and B. alvinipulli have been observed in 
close physical proximity to epithelial tissues lin- 
ing the intestinal tract. Intestinal mucus secreted 
by goblet cells is likely to be important both as a 
physical matrix and as chemical substrate for 
these spirochetes in their microhabitats. Various 
cell traits are considered or have been demon- 
strated to be important for Brachyspira to colo- 
nize the intestinal tract (see Ecology; Disease). 

Cells of B. pilosicoli, a species isolated from 
various animal hosts, and B. aalborgi, a species 
so far isolated only from humans, can colonize 
intestinal mucosal surfaces by attaching to 
enterocytes (Barrett, 1997; Swayne and 
McLaren, 1997; Taylor and Trott, 1997; Mikosza 
et al., 1999; Jensen et al., 2000). One end of the 
spirochete cell attaches to an epithelial cell and 
the other end extends away from the surface of 
the epithelial cell (Fig. 2). Densely packed. 
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Fig. 2. Scanning electron micrograph of the colonic mucosa 
of a pig with colitis showing the typical appearance of intes- 
tinal spirochetosis. Epithelial cells are extensively colonized 
by spirochetes attached by one end to the luminal surface of 
the cells. Marker bar = 2 pm. From Sellwood and Bland 
(1997), with permission. 



parallel arrays of spirochetes in close proximity 
form on the epithelial surface in this way. The 
density of spirochetes in these assemblages is 
estimated to be 20-80 spirochete cells per 
enterocyte (Stanton, 1997a). Although end-on 
attachment is a characteristic feature of B. aal- 
borgi and B. pilosicoli colonization, it may not be 
a sine qua non for colonization and disease 
(Thomson et al., 1997; Jensen et al., 2000). 

End-on attachment to intestinal tissues by 
densely packed, parallel arrays of B. pilosicoli or 
B. aalborgi cells creates the appearance of a 
“false brush border” on mucosal epithelial cells. 
This appearance of colonizing spirochetes has 
been commonly referred to as “intestinal spiro- 
chetosis” by histologists (Duhamel, 1997a; 
Swayne and McLaren, 1997). Intestinal spiroche- 
tosis has been observed in tissue sections both of 
healthy animals and humans and of individuals 
with intestinal disorders. Takeuchi and Zeller 
(1972) estimated that unidentified spirochetes 
attached to rhesus monkey colonic mucosa were 
present at a density of 1,800 bacteria mm^^. So 
far, B. pilosicoli and B. aalborgi are the only 
characterized spirochetes associated with intesti- 
nal spirochetosis. 

Attachment to intestinal tissues is not a colo- 
nization feature of B. hyodysenteriae, the agent 
of swine dysentery, or of B. alvinipulli, a chicken 
pathogen. In the early stages of swine dysentery, 
B. hyodysenteriae cells first colonize along the 
intestinal epithelium of the swine cecum and 
colon and then among epithelial cells and within 



goblet cells (Clock et al., 1974; Kubo et al., 1979; 
Kennedy et al., 1988). As the disease progresses, 
lesions appear in the mucosa at sites of spiro- 
chete colonization, and host blood passes into 
the intestinal lumen through the lesions (Clock 
et al., 1974; Kennedy and Strafuss, 1977; Kubo et 
al., 1979). Brachyspira alvinipulli strain Cl^ cells 
colonize chicken ceca and colons by irregular cell 
aggregates adjacent to intestinal epithelial cells 
and within villus crypts (Swayne et al., 1995; 
Swayne and McLaren, 1997; Stanton et al., 1998). 

Microhabitats have yet to be extensively 
studied for B. innocens, B. intermedia, and B. 
murdochii. 



Isolation 

Physical Isolation Methods 

In the first studies to identify B. hyodysenteriae 
as the etiologic agent of swine dysentery, the spi- 
rochete was isolated from dysenteric pigs after 
filtering colon contents through a 0.65 pm filter 
(Taylor and Alexander, 1971) and colonic epithe- 
lial tissue extracts through a series of filters of 
decreasing pore size (Harris et al., 1972b). The 
filtrates were inoculated onto agar media and 
incubated anaerobically to obtain isolated 
colonies. 

Another physical isolation method takes 
advantage of bacterial motility to separate 
Brachyspira strains from nonmotile intestinal 
bacteria (Olson, 1996). Sterile scalpels are used 
to cut parallel lines in a selective agar medium 
containing spectinomycin (400 pg/ml). Intestinal 
samples are inoculated as streaks in the center of 
the Petri plates and perpendicular to the cut 
lines. The motile B. hyodysenteriae cells (strongly 
hemolytic) and cells of other intestinal spiro- 
chetes (weakly or nonhemolytic) migrate along 
the lines. The spirochetes can be isolated from 
agar medium samples taken at the ends of the 
cut lines and away from the original inoculation 
site. 



Selective Culture Media 

Brachyspira hyodysenteriae and other Brachys- 
pira species can be isolated by inoculating intes- 
tinal contents or tissues onto solid agar culture 
media containing antibiotics selective for the 
growth of those spirochetes (Table 3). Achacha 
and Messier (1992) compared various selective 
media and found BJ medium (Table 3) with five 
antibiotics provided the highest rate of isolation 
of B. hyodysenteriae from feces of experimen- 
tally infected swine (130 of 145 samples tested). 
They also reported the encouraging observation 
that pig feces extract could be eliminated from 
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Table 3. Brachyspira culture media. 






Medium 


A) Selective isolation media 
Medium components Target species 


References 


TSB(S) 


Trypticase-soy agar 
+ 5% bovine blood 
+ spectinomycin (400) 


B. hyodysenteriae 


Songer et al., 1976 
Taylor et al., 1980 


TSB(SCV) 


Tryptone-soya agar 
+ 10% sheep blood 
+ spectinomycin (400) 
+ colistin (25) 

+ vancomycin (25) 


B. hyodysenteriae 


Jenkinson and Winger, 1981 


BJ 


Trypticase-soy agar 
+ 5% bovine blood 
+ 5% swine faces extract 
+ spectinomycin (400) 

+ spiramycin (25) 

+ rifampin (12.5) 

+ vancomycin (6.2) 

+ colistin (6.2) 


B. hyodysenteriae 


Kunkle and Kinyon, 1988 


TSB(SP) 


Trypticase-soy agar 
+ 10% bovine blood 
+ spectinomycin (400) 
+ polymyxin (5) 


B. aalborgi 


Kraaz, 2000 

Hovind-Hougen et al., 1982 


BB(SR) 


Blood agar modified medium 
+ 7% equine blood 
+ spectinomycin (400) 

+ rifampin (30) 


B. hyodysenteriae 


Calderaro et al., 2001 



Medium 


B) Liquid media 

Medium components 


References 


BHIS broth (general purpose 
growth) 


Brain-heart infusion broth (contains glucose); 
10% calf serum (heat-treated 56°C, 30 min); 
0.1% L-cysteine-HCl; 0.0001% resazurin 


Stanton and Cornell, 1987b 


HS broth (for identifying growth 
substrates) 


Heart infusion broth; 2-10% calf serum 

(heart treated 56°C, 30 min); L-cysteine-HCl; 
0.0001% resazurin 


Stanton and Lebo, 1988 


Kunkle’s broth (autoclavable 
medium) 


Trypticase soy broth; 0.5% glucose; 0.2% NaHCOs; 
0.05% L-cysteine-HCl; 1.0% yeast extract; and 2 
of 3 of the following: fetal bovine serum, 
cholesterol, or swine facal extract 


Kunkle et al., 1986 



Values in table are final concentration (v/v or w/v). Antibiotic concentrations expressed as |ig/ml of medium. 



the medium with essentially no effect on isola- 
tion success (128 of 145 samples tested). 

Brachyspira species other than B. hyodysente- 
riae can be isolated from swine, other animals, 
and humans by using selective culture media 
similar, if not identical, to those used for B. hyo- 
dysenteriae (Barrett, 1997; Jensen, 1997; Table 3). 
A note of caution is that antibiotics used to select 
for B. hyodysenteriae growth may select against 
growth of strains of certain Brachyspira species, 
such as B. aalborgi (Kraaz et al., 2000) and B. 
pilosicoli (Trott et al., 1996b). Selective culture 
media to directly isolate B. aalborgi from human 
feces have been described (Brooke et al., 2003; 
Calderaro et al., 2003). The media appear prom- 
ising but so far have been used successfully for 
samples from only two patients. 



Sample Handling, Inoculation, and 
Incubation Conditions 

Brachyspira cells are aerotolerant anaerobes. 
Brachyspira hyodysenteriae strain B204 cells can 
withstand exposure to air for two or more hours 
(Stanton et al., 1999b). Nevertheless, whenever 
possible, intestinal contents or tissue samples 
should be protected from air exposure (for 
example, placed in anaerobic culture broth) and 
maintained on wet ice for transport to the labo- 
ratory. Swab samples of feces should be kept 
moist in a transport medium. 

Brachyspira colonies can be isolated from 
intestinal samples by standard streaking meth- 
ods using sterile inoculating loops to dilute 
bacterial cells across agar plate surfaces. Alter- 
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natively, serial tenfold dilutions of the samples 
can be made in tubes containing prereduced 
(oxygen-free) sterile basal culture broth (e.g., 
trypticase soy or brain heart infusion) and by 
spreading samples across the surface of agar 
plates. The latter technique, of course, enables 
viable colony forming units (CPU) in the original 
sample to be estimated. 

Owing to their aerotolerant nature, prelimi- 
nary steps in the isolation of known Brachyspira 
species (streaking agar plates and diluting sam- 
ples) can be carried out on the lab bench (in an 
air atmosphere). Inoculated agar plates are incu- 
bated under anaerobic conditions by placing 
them within an anaerobic glove box or within 
anaerobic Gas-Pak jars. To further reduce expo- 
sure of Brachyspira cells to oxygen, intestinal 
samples can be transferred into an anaerobic 
glove box and all subsequent processing of 
samples carried out within the anaerobic 
atmosphere. 

Brachyspira pilosicoli from Blood 

Brachyspira pilosicoli strains have been isolated 
from the blood of critically ill human patients 
without the use of selective agar medium (Trott 
et al., 1997b). Cells of the spirochete were cul- 
tured from blood samples inoculated into Hemo- 
line blood culture medium (bioMerieux, Lyon, 
France), BioArgos Sanofi diagnostic anaerobic 
medium (Pasteur Institute, Paris, France) and 
ESP automated blood culture media (Becton 
Dickinson Difco, Detroit, Michigan, United 
States). A study comparing various commercial 
blood culture systems indicated that prolonged 
culture incubation (5-14 days) is necessary to 
detect B. pilosicoli cells (Brooke et al., 2000). 

Alternative Isolation Techniques 

With few exceptions, isolation techniques for 
Brachyspira have revolved around selective cul- 
ture media containing antibiotics and developed 
to clinically detect B. hyodysenteriae. These 
methods have led to the successful isolation of 
seven different Brachyspira species. It seems 
likely that the use of alternative sources of inoc- 
ula, the modification of medium components and 
incubation conditions, and the incorporation of 
physical separation techniques will yield addi- 
tional Brachyspira species. 

Identification of Species 

Various phenotypic characteristics and PCR 
based tests are useful for identifying known 
Brachyspira species (Table 2). “Strong” hemoly- 
sis of B. hyodysenteriae colonies and a unique 



signature sequence in the 16S rDNA of B. pilosi- 
coli are often used in clinical and epidemiologi- 
cal studies to identify those pathogens. 

Colony Hemolysis 

Brachyspira hyodysenteriae is the only recog- 
nized Brachyspira species that is “strongly 
hemolytic” (Table 2). Colonies of B. hyosysente- 
riae form zones of (3-hemolysis on trypticase soy- 
blood agar plates. Diagnosis of the disease swine 
dysentery is based on culturing of spirochete-like 
bacteria forming strongly hemolytic colonies and 
on histological evidence of spirochete-induced 
lesions in the ceca and colons of dysenteric 
swine. Well-isolated colonies on freshly prepared 
blood agar plates should be examined to assess 
hemolysis type of an intestinal spirochete. Con- 
trol cultures of Brachyspira-^pQcifvc type strains 
should be included for hemolysis comparisons. 

Cell Ultrastructure 

The number of flagella per cell has been com- 
monly used in spirochete taxonomy and identifi- 
cation. Brachyspira species can be divided into 
two groups based on flagellar numbers and cell 
size (Table 2). Larger size species, such as B. 
hyodysenteriae, B. innocens, B. intermedia, B. 
murdochii and B. alvinipulli, have 20-30 flagella 
per cell. Brachyspira pilosicoli and B. aalborgi 
cells are shorter in length and have 8-12 flagella 
per cell. As with other spirochetes, the flagella 
attach in roughly equal numbers at each end of 
the cell (Fig. 3) and wind around the spirochete 
cell between the protoplasmic cylinder and outer 
sheath, and their free ends overlap in the cell 
center. Accurate estimates of flagellar numbers 
can be obtained by transmission electron micros- 
copy of bacteria suspended in distilled water and 
negatively stained (e.g., 2% phosphotungstic 
acid, pH 7.0). Both flagella and flagellar attach- 
ment sites at the ends of the cells can be counted 
(Fig. 3). 

Biochemical Tests 

Biochemical tests for indole production (Fine- 
gold and Martin, 1982), hippurate hydrolysis 
(Smibert and Krieg, 1981), and commercial assay 
kits, such as API-ZYM (Hunter and Wood, 1979; 
Fellstrom et al., 1999; Stanton et al., 1998), have 
been used to characterize Brachyspira species 
(Table 2). For B. aalborgi and B. alvinipulli, only 
a limited number of strains have been examined. 

Attempts have been made to classify porcine 
Brachyspira isolates based on hemolysis pattern, 
indole production, hippurate hydrolysis, colori- 
metric tests for sugar hydrolyzing enzymes, and 
pathogenicity for swine (Fellstrom et al., 1995; 
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Fig. 3. Electron micrograph of one end of B. alvinipulli Cl^ 
cell negatively stained with 2% phosphotungstic acid (pH 
7.0). Disrupted outer sheath enables insertion sites of 15 
periplasmic flagella to be seen (white arrowheads). Marker 
bar = 0.25 pm. From Stanton et al. (1998), with permission. 



Fellstrom et al., 1997). Unfortunately, porcine 
strains with properties different from the 
expected test results have been identified 
(Fellstrom et al., 1997; Fellstrom et al., 1999). 
Additionally, the biochemical classification of 
Brachyspira species does not work when non- 
porcine strains are included (De Smet et al., 
1998; Stanton et al., 1998). Many biochemical 
tests, such as the hydrolysis of a certain color- 
yielding substrate, rely on one or a few encoding 
genes and therefore do not provide an extensive 
phylogenetic basis for taxonomy. 

Species-specific PCR-based Assays 

PCR assays have been described for the specific 
detection of porcine strains of B. hy odys enter iae 
(Elder et al., 1994; Harel and Forget, 1995; Leser 
et al., 1997; Atyeo et al., 1998; Atyeo et al., 1999), 
B. pilosicoli (Park et al., 1995; Fellstrom et al., 
1997; Leser et al., 1997; Muniappa et al., 1997; 
Atyeo et al., 1998), and B. intermedia (Leser et 
al., 1997). A restriction fragment length poly- 
morphism (RFLP)-PCR assay targeting 16S 
rDNA was developed to differentiate the type 
strains of seven Brachyspira species (Stanton 
et al., 1998). Unfortunately, clinical isolates 
of weakly hemolytic spirochetes, Brachyspira 
stains, have restriction patterns that do not 



match those of the type strains (T. B. Stanton, 
unpublished observation). In addition, PCR 
assays targetting NADH oxidase and 16S rRNA 
genes have been developed to differentiate 
Brachyspira species and used to detect B. aal- 
borgi and B. pilosicoli in human biopsy speci- 
mens (Atyeo et al., 1999; Mikosza et al, 1999; 
Mikosza et al., 2001). Also, PCR assays targeting 
23S rDNA were developed to distinguish por- 
cine strains of B. hy odys enter iae, B. intermedia 
(group II) and B. pilosicoli (group IV) (Leser 
et al., 1997). RFLP-PCR assays targeting genes 
encoding NADH oxidase or 23S rRNA have 
been developed to differentitate Brachyspira 
species (Bar cellos et al., 2000; Rohde et al., 
2002 ). 

Investigations with additional strains of 
known Brachyspira species and partially charac- 
terized intestinal spirochete isolates (“R cams'') 
are needed to determine whether these assays or 
any PCR-based assays will suffice as an individ- 
ual test for identifying Brachyspira species. At 
this time, a likely to be reliable approach for 
species detection and identification would incor- 
porate a combination of PCR-based tests for 
more than one gene (Mikosza et al., 1999; La et 
al., 2003). 

Establishing New Brachyspira Species 

Based on investigations of known Brachyspira 
species (see Phytogeny and Taxonomy), a new 
Brachyspira species should be characterized by 
16S rDNA sequence analysis or/and MEE anal- 
ysis (preferably both) of multiple isolates. Iso- 
lates (one or more strains) forming a unique 16S 
rDNA branch or MEE electrophoretic type 
should be compared by DNA sequence homol- 
ogy (SI nuclease method with AT^ estimates) 
with closely related Brachyspira species. Finally, 
the ultrastructural, cultural, and biochemical 
characteristics of a species help define its lifestyle 
and facilitate additional research. These should 
be determined. 

Preservation and Transport of 
Brachyspira Cnltures 

Short-term Stock Cultures 

Broth cultures of most Brachyspira species 
remain viable when stored at 5°C for short time 
periods of 1-2 weeks. These cultures can be used 
as “working” stock cultures to inoculate fresh 
cultures for experiments. Refrigerated cultures 
should be in the exponential phase of growth (for 
many strains, 2-4 x 10^ cells/ml, direct micro- 
scope counts). Importantly, avoid exposing cul- 
tures to air. The junction between the culture 
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tube mouth and the rubber stopper corking the 
tube should be firmly sealed with stretchable yel- 
low plastic tape (3M Scotch Brand #471) before 
storage. These working stock cultures should be 
transferred every two weeks. Long-term in vitro 
passage of strains (with possible loss of viru- 
lence) should be avoided by starting fresh work- 
ing stock cultures from long-term stock cultures 
every several months. 

Agar plate cultures of B. hyodysenteriae can 
be stored at room temperature in an anaerobic 
atmosphere for at least a week. The plates should 
be sealed (Parafilm, American National Can 
Inc.) to prevent desiccation. A slowly growing 
spirochete identified as B. aalborgi remained via- 
ble when kept at room temperature in an anaer- 
obic jar for over 3 months (Kraaz et al., 2000). 



Long-term Stock Cultures 

For long-term storage of Brachyspira strains, the 
following method is recommended. Brachyspira 
cultures in the exponential phase of growth in 
broth media (2-4 x 10^ cells/ml) are harvested by 
centrifugation (15 min, 5,000g).The pelleted bac- 
teria are resuspended at 50-100 times their orig- 
inal concentration in fresh sterile broth medium 
containing dimethyl sulfoxide (DMSO), 10% (v/ 
V, final concentration). The concentrated cell 
suspension is dispensed into Nunc cryovials (0.5- 
1.0 ml/vial). The sealed vials are placed upright 
in a beaker containing enough 95% ethanol to 
equal the fluid level of the suspensions (and well 
below the tops of the cryovials). The ethanol 
bath is intended to provide a more uniform rate 
of freezing of the cells and, with the DMSO as a 
cryoprotectant, prevent ice crystals from damag- 
ing the bacteria. The beaker is placed in an ultra- 
cold freezer (-75°C). After 24 h, the frozen stock 
cultures are transferred to storage boxes in the 
freezer. After 7-10 d, one of the cryovials should 
be examined to insure recovery of contaminant- 
free Brachyspira cells. Brachyspira cells have 
remained viable in frozen stocks prepared in this 
way for over 15 years (T. B. Stanton, unpublished 
observations). Completely thawed stocks should 
not be re-frozen. However, it is often possible to 
subculture without thawing the frozen stocks, by 
scraping the surface of a frozen cell suspension 
with a sterile inoculation loop and inoculating 
fresh media with the ice scrapings. Brachyspira 
hyodysenteriae cultures also have been pre- 
served by lyophilization (Stanton and Lebo, 
1988). 



Shipping Stock Cultures 

Brachyspira strains can be successfully trans- 
ported through the mail as frozen cell stocks on 



dry ice. Alternatively, agar plate cultures will sur- 
vive shipment by express mail delivery, without 
the need for wet or dry ice. Within an anaerobic 
chamber, agar plates with visible colony growth 
are sealed shut with flexible film (Parafilm). 
Within the chamber, the plates are then double- 
sealed in two plastic bags (smaller bag within 
larger bag) using a heat seal device (Seal-a-Meal, 
Dazey Corp., Industrial Airport, KS), such as 
used for DNA-DNA membrane blot hybridiza- 
tions, and placed in appropriate shipping con- 
tainers. For overnight delivery, stoppered broth 
cultures can be sealed with plastic tape and 
mailed in special shipping containers. Appropri- 
ate government and private carrier regulations 
governing the packaging and shipping of bacte- 
rial cultures must be followed. 



Physiology 

Culture Broth Media 

Various anaerobic, nutritionally complex broth 
media have been described for Brachyspira spe- 
cies (Stanton, 1997a). Brain heart infusion with 
serum (BHIS) broth and Kunkle’s broth are 
commonly used for routine growth of Brachys- 
pira hyodysenteriae (Table 3) (Kunkle et al., 
1986; Stanton and Lebo, 1988). Both media sup- 
port high growth yields of this species (10^ to 4 x 
10^ cells/ml, direct microscope counts). In BHIS 
broth, the population doubling times for type 
strains of B. hyodysenteriae, B. innocens, B. inter- 
media, B. murdochii and B. alvinipulli are 2-4 
hours (Table 3). Brachyspira pilosicoli P43/6/78^ 
has a doubling time of 1-2 hours. Incubation 
temperatures of 38-40°C (the swine body tem- 
perature is 39°C) are used for Brachyspira, and 
stirring of broth cultures (with magnetic stir 
bars) is important for optimum growth. 

Heart infusion with serum (HS) broth for 
Brachyspira species (Table 3) requires added 
carbohydrates to support optimum growth yields 
of Brachyspira species. Consequently, HS broth 
is useful for identifying growth substrates (Table 
4) and metabolic end products. Since animal 
serum contains glucose, a minimal serum con- 
centration, i.e., one not limiting for growth, 
should be used in studies to identify growth sub- 
strates and products. 

NT broth, a serum-free medium ultrafiltered 
(10,000 MW cutoff filter) to remove high MW 
proteins, supports B. hyodysenteriae growth 
(Humphrey et al., 1997). Cholesterol, an essen- 
tial growth requirement for the spirochete, is 
added to the medium in place of serum. NT 
broth cultures of B. hyodysenteriae are used to 
purify the generalized transducing bacterioph- 
age VSH-1 (Humphrey et al., 1997). (See Genet- 
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Table 4. Brachyspira growth substrates.^ 





B. hyodysenteriae 


B. innocens 


B. intermedia 


B. pilosicoli 


B. murdochii 


B. alvinipulli 


Compound 


B78’^ 


B256'^ 


PWS/A’^ 


P43/6/78'^ 


56/150’' 


C-F 


None 

D-Glucose 














1 1 1 1 


1 1 1 1 


1 1 1 1 


1 1 1 1 


1 1 1 1 


1 1 1 1 


D -Fructose 
Sucrose 












NG 








D -Trehalose 






NG 


H 1 1 h 


H 1 1 h 


H 1 1 h 


D-Galactose 










NG 


NG 


D-Mannose 

V-Acetyl-D-glucosamine 






NG 












NG 




NG 




D-Glucosamine 


D-Maltose 

D-Cellobiose 


NG 




NG 






NT 


H 1 1 h 


H 1 1 h 


L-Fucose 


NG 










NG 


Pyruvate 












NG 


D-Ribose 


NG 


NG 


NG 




NG 


NG 


Lactose 




NT 


NG 


NT 




NG 



Symbols; +, background growth (no added substrate); ++, low growth, final cell yields approximately 2- to 4-fold greater than 
background; +++, intermediate growth, final cell yields 4- to 10-fold greater than background; and -i-i-i-i-, optimum growth, 
final cell yields >1 0-fold background levels. 

Abbreviations: NG, no detectable growth above background (medium without added substrate); and NT, substrate not tested. 
""Based on growth studies with B. hyodysenteriae cultures in HS broth by Stanton and Lebo (1988); Trott et al. (1996); and 
Stanton et al. (Stanton et al., 1997b; Stanton et al., 1998). In those studies, additional substrates were found not to support 
growth of any species. Values in table refer to relative cell yields. 



ics.) NT broth also may be useful for identifying 
and purifying extracellular (protein) products of 
Brachyspira spp. 

The oxidation-reduction potential of broth 
cultures may be a controlling factor for B. hyod- 
ysenteriae growth (Stanton, 1997a). The spiro- 
chete can be difficult to culture in stringently 
prepared anaerobic broth media unless a small 
amount of air is introduced into the culture 
oxygen-free atmosphere (Stanton and Lebo, 
1988). A simple method is to inject a volume of 
sterile air through the rubber stopper sealing a 
culture vessel so that the culture atmosphere 
contains 1% oxygen (e.g., 1% 02:99% N 2 ). 
Brachyspira hyodysenteriae cells have been suc- 
cessfully cultured beneath an air atmosphere in 
large (i.e., 12 liter) volumes in a fermentor (Stan- 
ton and Jensen, 1993a; Mikosza et al., 1999). 
Alternatively, chemical reducing agents such as 
L-cysteine can be left out of the medium. Brach- 
yspira species will not grow in tubes of media 
that have become oxidized (i.e., in which the 
resazurin indicator dye has become colored due 
to air exposure). 

Fermentation and Growth Substrates 

Potential fermentation substrates of Brachyspira 
spp. and unidentified intestinal spirochetes 
added to broth or solid agar media are identified 
as bona fide substrates when lower medium pH 
values (compared to medium without added sub- 



strate) result from spirochete growth (Kinyon 
and Harris, 1979; Jones et al., 1986; Tompkins et 
al., 1986; Ochiai et al., 1997). Fructose, galactose, 
glucose, lactose, maltose, mannose and trehalose 
are fermentation substrates for B. aalborgi 
513A^ (Ochiai et al., 1997). 

The sensitivity of medium pH changes for 
detecting Brachyspira growth substrates is ques- 
tionable. Furthermore, fermentation substrates 
may not always correspond to carbon and energy 
sources used by bacteria for growth. A more 
definitive method for identifying growth sub- 
strates uses a culture medium, such as HS broth, 
in which Brachyspira growth is limited unless a 
carbon/energy source is added (Table 4). 

In HS broth, B. hyodysenteriae B78^, B. inno- 
cens B256^, B. intermedia PWS/A^, B. murdochii 
56/150^, B. pilosicoli P43/6/78^ and B. alvinipulli 
Cl^ use for growth various monosaccharides, 
disaccharides, the trisaccharide trehalose, and 
amino sugars (Table 4). Other strains of these 
species use similar growth substrates (Stanton 
and Lebo, 1988; Trott et al., 1996b). None of the 
tested Brachyspira strains use polysaccharides 
such as cellulose, hog gastric mucin, pectin, gly- 
cogen and various other tested compounds. 
Growth substrates for B. aalborgi have not been 
identified in similar experiments. 

Brachyspira hyodysenteriae and B. innocens 
strains contain a sucrase activity that increases 3- 
to 10-fold when sucrose is added to cultures 
(Jensen and Stanton, 1994). The sucrase is the 
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first inducible enzymatic activity to be identified 
for Brachyspira species. 

Cholesterol and Phospholipids 

Brachyspira hy odys enter iae requires cholesterol 
and phospholipid for growth (Lemcke and Bur- 
rows, 1980; Stanton and Cornell, 1987b; Stanton, 
1997a). These requirements can be met by 
supplementing media with either cholesterol- 
phosphatidylcholine or erythrocyte membranes 
(Stanton and Cornell, 1987b). Cholesterol is 
likely required for outer membrane biosynthesis 
based on the following observations. Nutrient 
amounts of cholesterol (8-26 nmoles/ml culture 
broth) are sufficient for growth (Lemcke and 
Burrows, 1980; Stanton and Cornell, 1987b). 
Brachyspira hyodysenteriae cells incorporate 
radiolabel from [4-^"^C] cholesterol into cell 
membrane fractions (Stanton, 1987a). Choles- 
terol preferentially locates within B. hyodysente- 
riae outer membranes (Plaza et al., 1997). The 
sterol requirement is unusual for a nonmyco- 
plasma subgroup of bacterial species. 

Brachyspira hyodysenteriae cellular fatty acids 
are distinct from those of Borrelia and Lep- 
tospira spirochetes (Livesley et al., 1993). Brach- 
yspira hyodysenteriae and B. innocens cellular 
phospholipids and glycolipids were found to con- 
tain acyl (fatty acids with ester linkage) and alk- 
enyl (unsaturated alcohol with ether linkage) 
side chains (Matthews et al., 1980a; Matthews et 
al., 1980b; Matthews and Kinyon, 1984). The cul- 
ture medium for these spirochetes did not con- 
tain these same lipids, an indication that the 
bacteria have some capacity for fatty acid and 
lipid biosynthesis. 

Intermediary Metabolism 

Glucose and Pyruvate Metabolism Pathways 
of glucose and pyruvate metabolism have been 
analyzed extensively only for B. hyodysenteriae 
(Stanton, 1989; Stanton, 1997a). The endprod- 
ucts of glucose metabolism by growing cells of 
numerous Brachyspira species are the same as 
those of B. hyodysenteriae — acetate, butyrate, H 2 
and CO 2 — suggesting these species have similar 
catabolic routes (Stanton and Lebo, 1988; 
Stanton, 1989; Trott et al., 1996d; Stanton et al., 
1997b; Stanton et al., 1998). 

Brachyspira hyodysenteriae uses the Embden- 
Meyerhof-Parnas (EMP) pathway for converting 
glucose to pyruvate (Fig. 4). Pyruvate is catabo- 
lized by a clostridial-type clastic reaction to 
acetyl-CoA, H 2 and CO 2 . Acetyl-CoA is con- 
verted to either acetate or butyrate via a 
branched fermentation pathway. The ATP- 
yielding mechanisms are substrate-level 
phosphorylation reactions mediated by phos- 



phoglycerate kinase and pyruvate kinase in the 
EMP pathway and by acetate kinase converting 
acetyl phosphate to acetate (Fig. 4). 

NADH-ff Oxidation Reactions Brachyspira 
hyodysenteriae cells are versatile when it comes 
to NADH-H^ oxidation reactions (Fig. 4). This 
versatility could enhance the metabolic fitness of 
the spirochete in its animal host (Thauer et al., 
1977; Stanton, 1997a). The NADH-H^ produced 
during glycolysis can be recycled or oxidized to 
NAD^ by 3-hydroxybutyryl-CoA dehydrogenase 
and butyryl-CoA dehydrogenase (butyrate path- 
way), by NADH-ferredoxin oxidoreductase plus 
hydrogenase, and by NADH oxidase (Fig. 4). 

Various Brachyspira species produce more H 2 
than CO 2 , indicative of the NADH-ferredoxin 
oxidoreductase reaction. Ethanol is produced in 
cultures of B. pilosicoli, B. alvinipulli, B. mur- 
dochii, B. intermedia and B. innocens (Stanton 
and Lebo, 1988; Stanton, 1989; Trott et al., 1996c; 
Stanton et al., 1997b; Stanton et al., 1998) and is 
likely formed from acetyl-CoA by the enzymes 
acetaldehyde dehydrogenase and alcohol dehy- 
drogenase (Fig. 4). 

NADH oxidase is widely distributed among 
Brachyspira species (Atyeo et al., 1999; Stanton 
et al., 1995). The B. hyodysenteriae NADH oxi- 
dase is a water-forming, FAD -linked enzyme 
(Stanton and Jensen, 1993b) and its gene {nox) 
has been cloned (Stanton and Sellwood, 1999a). 
Vox-defective mutant strains of B. hyodysente- 
riae are sensitive to oxygen (Ecology) and lose 
virulence (Stanton et al., 1999b; see Virulence). 

Iron Metabolism 

Several observations suggest that specific iron 
uptake mechanisms are present and are impor- 
tant for Brachyspira growth in animal hosts. 
Brachyspira hyodysenteriae cells grow in broth 
containing an iron chelator, 2,2'-dipyridyl, and 
increase the expression of three unidentified 
high molecular mass proteins, >200, 134, and 
109 kDa (Li et al., 1995). Catechol and hydrox- 
amate do not enhance B. hyodysenteriae growth 
in iron-depleted medium, suggesting the spiro- 
chete does not use these common bacterial sid- 
erophores to bind and take up iron. Dugourd 
and coworkers have identified a B. hyodysente- 
riae genome locus, designated bit {‘‘Brachyspira 
iron transport”), encoding six proteins that are 
likely to form an iron ATP-binding transport sys- 
tem (Dugourd et al., 1999). BitD has ATP-bind- 
ing motifs. BitA, BitB and BitC are lipoproteins 
with iron binding properties. BitE and BitF 
resemble membrane permeases. All of the Bit 
proteins are smaller in molecular mass (28- 
42 kDa) than are previously described iron- 
regulated proteins (Li et al., 1995). 



CHAPTER 4.6 



The Genus Brachyspira 



341 



Glucose 






ATP 

ADP 



Glucose-6-phosphate 

i 

Fructose-6-phosphate 
ATP 
ADP 






Fructose-1, 6-biphosphate 



Dihydroxyacetone-phosphate 



Glyceraldehyde-3-phosphate 
y- NAD 
NADH-H'' 



1 ,3-Biphosphoglycerate 
ADP 
ATP 



ADP 

ATP ^ 



3-Phosphoglycerate 

i 

2-Phosphoglycerate 

i 



Phosphoenolpyruvate 
ADP 
ATP 



^1 iwipy 




2NADH-H^ 2NAD 



O. 



^ ^ > 2HoO 



O NADH-H'" ► Ha + NAD 



CoA 




Acetyl-P Acetoacetyl-CoA 
^ ADP NADH-H-^ 

^ ATP NAD 

Acetate p-hydroxybutyryl-CoA 

H2O 



NADH-H^ 
Cr NAD 






Acetaldehyde 

\ NADH-H'' 



Crotonyl-CoA 



Butyryl-CoA 

P Acetate 
Acetyl-CoA 

Butyrate 



NAD 

NADH-H-" 



\ NAD 



Ethanol 



e 



Fig. 4. Glucose metabolism by Brachyspira species. A) Glucose is converted to pyruvate by the Embden-Meyerhof-Parnas 
pathway. B) Pyruvate is metabolized by a clostridial-type clastic reaction. C) Acetyl- CoA is a branch point for pathways 
leading to acetate, butyrate, or ethanol. (Note: the pathway to ethanol has not been demonstrated.) NADH-H+ is oxidized 
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Genetics 

Brachyspira Genes 

Brachyspira genetics is at an early, promising 
stage of development (van der Zeijst and ter 
Huurne, 1997; Zuerner, 1997; Hardham and 
Rosey, 2000). Only a limited number of Brachys- 
pira genes have been cloned and expressed as 
recombinant proteins (Table 5). Brachyspira 
genome libraries can be created by using E. coli- 
based vectors, primarily lambda phages and plas- 
mids. An expression vector has been created that 
enables posttranslational processing of B. hyod- 
ysenteriae lipoprotein BlpA in E. coli and the 
incorporation of the protein into the E. coli outer 
membrane (Cullen et al., 2003). Cosmid cloning 
of B. hyodysenteriae DNA has generally been 
inefficient for unknown reasons (van der Zeijst 
and ter Huurne, 1997). Nearly complete 16S 
rRNA and 23S rRNA gene sequences are known 
for all Brachyspira species (Table 2) and are 
used for both taxonomic and clinical detection 
applications (See Phytogeny and Taxonomy and 
Identification). 



Genome Properties 

Unfortunately, no Brachyspira genome has yet 
been sequenced. A physical map of the B. hyod- 
ysenteriae B78^ chromosome is based on restric- 
tion enzyme fragments of the chromosome 
separated by pulsed field gel electrophoresis 
(PFGE) (Zuerner and Stanton, 1994). The B. 
hyodysenteriae chromosome is circular and has 
3.2 Megabase pairs (Mbp), and the map (restric- 
tion fragment) locations are known for many B. 
hyodysenteriae genes (Zuerner and Stanton, 
1994; Hsu et al., 2001; Zuerner et al., 2004). 
Brachyspira pilosicoli P43/6/78^ has a circular 
chromosome approximately 2.4 Mbp (Zuerner 
et al., 2004) and thus carrying substantially 
fewer genes than the B. hyodysenteriae chromo- 
some. Rothkamp et al. (2002) recently cloned a 
putative B. hyodysenteriae phosphotransferase 
operon that was absent from B. pilosicoli and 
other Brachyspira species. Differences in gene 
content, organization, and regulation are likely 
to reflect differences in host range and disease 
capacities among the brachyspires. The physical 
and genetic maps of the genomes of B. hyodys- 
enteriae, Leptospira interrogans, Borrelia species. 
Treponema pallidum and T. denticola reveal 
broad diversity among these spirochetes in 
terms of chromosomal conformation (linear 
and circular), chromosomal numbers (1-2), size 
(0.95-4.9 Mbp), and number and arrangement of 
rRNA genes on the chromosome (Zuerner, 
1997). 



Plasmids and Extrachromosomal DNA 

Plasmids and extrachromosomal DNAs have 
been reported for various Brachyspira species 
(Combs et al., 1989; Turner and Sellwood, 1997; 
Cattani et al., 1998). Unfortunately, there is little 
information about these nucleic acids beyond 
their properties in electrophoretic gels. Plasmid 
DNA was not detected during the construction 
of a genomic map for B. hyodysenteriae B78^ 
(Zuerner and Stanton, 1994). In some reports 
(Combs et al., 1992; Turner and Sellwood, 1997), 
the characteristics of the plasmid/extrachromo- 
somal DNAs resemble those of bacteriophage 
VSH-1 (virus of Serpulina hyodysenteriae', 
see Genetics). Some of the extrachromosomal 
DNAs could be DNA from VSH-l-like bacte- 
riophage particles spontaneously produced in 
Brachyspira cultures. 



Genetic Techniques 

Mutagenesis The first isolation of a B. hyodys- 
enteriae strain (mutated at a specific locus, tlyA) 
was reported in 1992 (ter Huurne et al., 1992b). 
The cloned tlyA gene, conferring a hemolytic 
phenotype in E coli cells, was inactivated in vitro 
by inserting a gene encoding kanamycin resis- 
tance at a Bglll site in the tlyA gene. This con- 
struct was then introduced as a plasmid into B. 
hyodysenteriae cells by electroporation. Mutant 
cells in which the kanamycin-resistant tlyA 
“knockout mutation” had undergone allelic 
exchange with the wild-type tlyA gene were 
selected by plating the bacteria on media con- 
taining kanamycin (ter Huurne et al., 1992b). 
With some further modifications, including the 
incorporation of another antibiotic selection 
marker (chloramphenicol), this technique has 
been used by other investigators to create B. 
hyodysenteriae strains with specific mutations in 
genes for flagellar proteins (Rosey et al., 1995; Li 
et al., 2000) and NADH oxidase (Stanton et al., 
1999b). 

The allelic exchange technique enables inves- 
tigators to “custom design” B. hyodysenteriae 
strains, that is, to derive mutant strains that are 
isogenic to their progenitor strains, except for 
single genetic loci. Such strains are essential in 
determining bacterial virulence traits (See 
Disease). 

Brachyspira hyodysenteriae mutant strains can 
be produced by exposure to UV light. Using UV 
mutagenesis, coumermycin Al -resistant B. hyo- 
dysenteriae strains with identifiable mutations in 
their gyrB (DNA gyrase subunit B) genes have 
been generated (Stanton et al., 2001). In addition 
to the kanamycin resistance and chlorampheni- 
col resistance markers used for allelic exchange 



Table 5. Brachyspira genes encoding identifiable proteins. 

Gene (species) Identified/putative gene product GenBank Accession no. Comments Reference(s) 

gyrA (Bh) DNA Gyrase A subunit N/A Partial gene sequence Zuemer and Stanton, 1994 

gyrB (Bh) DNA Gyrase B subunit AF288224 Not contiguous with gyrB Stanton et al., 2001 
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mutagenesis, coumermycin resistance is a third 
antibiotic selection marker for genetic manipula- 
tions of Brachsypira. Some B. hy odys enter iae 
strains are resistant to the macrolide antibiotic 
tylosin, owing to a nucleotide base change in the 
23S rDNA gene (Karlsson et al, 1999). Tylosin 
resistance can also be used as a selection marker 
for gene transfers in this species (T. B. Stanton, 
unpublished observations). 

Bacteriophages and Generalized Trans- 
duction (VSH-1) When cultures are treated 
with mitomycin C, both B. hyodysenteriae and B. 
innocens cells lyse and release bacteriophage- 
like particles whose morphology is similar to, 
but smaller than, X phage virions of E. coli 
(Humphrey et al., 1995). These virions resemble 
spontaneously appearing phages first detected 
by electron microscopy of B. hyodysenteriae cul- 
tures (Ritchie et al., 1978). A bacteriophage was 
purified from mitomycin C-treated B. hyodysen- 
teriae cultures and named “VSH-1.” The VSH-1 
particles package random, 7.5-kB linear frag- 
ments of host DNA (Humphrey et al., 1997). The 
sequences of genes encoding several VSH-1 
capsid head proteins have been deposited in 
GenBank (Table 5). 

The significance of VSH-1 to B. hyodysenteriae 
genetics lies in its role as a gene vector. Purified 
from cultures of a chloramphenicol-resistant B. 
hyodysenteriae strain A203 {AflaAl 593:1 62::cat), 
VSH-1 virions will transfer chloramphenicol 
resistance to B. hyodysenteriae strain A216 {Anox 
438-760::/ca/r) (Humphrey et al., 1997). This is 
the first example of natural gene transfer for a 
spirochete and indicates that VSH-1 behaves 
like a generalized transducing bacteriophage. 
More significantly, it is not necessary to use 
purified VSH-1 particles for gene exchange. 
Coumermycin-resistant gyrB genes are trans- 
ferred by spontaneously produced VSH-1 
between two B. hyodysenteriae strains when the 
strains are cocultured (Stanton et al., 2001). 

VSH-1 may also have ecological significance. 
Based on MEE analysis of 231 B. hyodysenteriae 
strains, Trott et al. (1997c) concluded that sub- 
stantial genetic recombination had shaped the 
overall population structure of this spirochete. 
Virions of VSH-1 are logical vehicles for cell-to- 
cell gene transfer among B. hyodysenteriae 
strains. 

Bacteriophages have also been detected in 
both mitomycin C-treated and untreated cul- 
tures of weakly hemolytic intestinal brachyspires 
from humans and animals (Calderaro et al., 
1998a; Calderaro et al., 1998b; Stanton et al., 
2003). These bacteriophages should be examined 
for gene transduction capabilities similar to 
those of VSH-1. 



Ecology 

General Concepts 

Brachyspira natural habitats are animal intesti- 
nal tracts. The species B. hyodysenteriae, B. 
pilosicoli, B. aalborgi and B. alvinipulli colonize 
the mucosal epithelial surfaces of the cecum and 
colon (See Habitat). Brachyspira pilosicoli and 
B. aalborgi have been observed attached to intes- 
tinal enterocytes (Fig. 2) whereas B. hyodysente- 
riae and B. alvinipulli colonize over, among, and 
perhaps within intestinal epithelial cells. 

To be successful intestinal colonizers, all 
Brachyspira species must survive passage 
between hosts, reach suitable intestinal sites, 
establish dividing cell populations at those sites, 
and persist at least long enough to allow exiting 
cells to colonize other hosts. Additionally, the 
pathogenic Brachyspira species inflict damage on 
host tissues. Brachyspira ecology, knowledge of 
the interactions of these spirochetes with the 
living and nonliving components of their 
environment, has arisen from investigations of 
virulence-associated traits of the pathogenic 
species (Disease). Nevertheless, some of these 
virulence-associated traits are undoubtedly also 
colonization factors shared by nonpathogenic 
Brachyspira species. These colonization traits are 
discussed below. 

Chemotaxis and Motility 

The intestinal mucosal epithelium is covered 
with a layer of mucus, a barrier to bacterial col- 
onization (Savage, 1980; Forstner et al., 1984). 
Brachyspira species, whether or not they attach 
to the underlying epithelial cells, transit and pop- 
ulate this mucus blanket. The ability to swim in 
environments of high viscosity, such as mucous 
gels, and the ability to be attracted to mucus 
components or compounds diffusing from the 
underlying tissues are likely to be important 
adaptations for Brachyspira spirochetes 
(Canale-Parola, 1978; Holt, 1978; Kennedy et al., 
1988; Milner and Sellwood, 1994; Kennedy and 
Yancey, 1996). Brachyspira hyodysenteriae cells 
are highly motile within mucus samples taken 
from dysenteric pigs and do not attach to intes- 
tinal epithelial cells (Kennedy et al., 1988). Cells 
of the pathogen are commonly observed in 
mucus-filled crypts of Lieberkuhn and within 
mucigen droplets of mucus-secreting goblet cells 
(Glock et al., 1974; Kennedy et al., 1988). In 
chemotaxis assays, B. hyodysenteriae cells are 
attracted to gastric mucin, the structural glyco- 
protein of mucus (Kennedy et al., 1988; Milner 
and Sellwood, 1994). Fucose and L-serine, chem- 
ical components of mucin, are strong chemoat- 
tractants (Kennedy and Yancey, 1996). 
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Oxygen Metabolism, Oxidative Stress, 
NADH Oxidase 

Those Brachyspira species that have been stud- 
ied are aerotolerant anaerobes. Brachyspira hyo- 
dysenteriae cells will grow in sealed culture 
vessels containing an initial atmosphere of 1% 
O 2 : 99% N 2 and will consume oxygen (Stanton 
and Lebo, 1988). Strains of Brachyspira hyodys- 
enteriae and of other Brachyspira species contain 
the enzyme NADH oxidase at high levels of 
specific activity (Stanton et al., 1995). The B. hyo- 
dysenteriae NADH oxidase is a soluble, FAD- 
dependent, monomeric protein with a molecular 
mass of 47-48 kDa (Stanton and Jensen, 1993b). 

NADH oxidase is considered to be a mecha- 
nism by which B. hyodysenteriae cells cope with 
oxygen in their native microhabitats, i.e., among 
the oxygen-respiring mucosal tissues of the swine 
intestinal tract (Stanton, 1997a; Stanton et al., 
1999b). Brachyspira hyodysenteriae nox-deficient 
mutant strains are 100- to 10,000-fold more sen- 
sitive to oxygen exposure than are cells of an 
isogenic, wild-type strain (Stanton et al., 1999b). 
The mutant stains also are attenuated in viru- 
lence (See Disease). Protection from oxidative 
stress is an important factor in colonization of 
intestinal mucosal surfaces by B. hyodysenteriae 
cells. NADH oxidases are involved in protecting 
pathogenic Streptococcus species from oxidative 
stress and in achieving virulence (Gibson et al., 
2000; Yu et al., 2001). Brachyspira hyodysenteriae 
has additional enzymes for protection against 
oxidative stress, namely, NADH peroxidase, 
superoxide dismutase, and catalase (Jensen and 
Stanton, 1993b; Stanton et al., 1999b). 

Intestinal spirochete strains representing all 
seven Brachyspira species (Table 1) have NADH 
oxidase genes and the tested strains also contain 
significant NADH oxidase activity (Stanton et 
al., 1995; Atyeo et al., 1999). Neither swine intes- 
tinal spirochete Treponema succinifaciens 6091 
nor bovine rumen spirochete T bryantii RUS-1 
has detectable NADH oxidase (Stanton et al., 
1995). 

Attachment to Tissues and 
Intestinal Colonization 

Brachyspira pilosicoli and B. aalborgi spiro- 
chetes attach by one end to mature intestinal 
cells. Colonization in this manner leads to dense 
parallel assemblages of spirochetes (Fig. 2). In 
histological examinations of sectioned intestinal 
tissues, these assemblages give the appearance of 
a false brush border. This histological phenome- 
non, commonly referred to as “intestinal spiro- 
chetosis,” is observed for both healthy and 
diseased humans and non-avian animal species 
(Taylor and Trott, 1997). It should be noted that 



the term “avian intestinal spirochetosis” (AIS) 
has been given to intestinal disorders of poultry 
associated with spirochetes regardless of 
whether the spirochetes are attached or not 
attached to intestinal tissues (Swayne and 
McLaren, 1997; Swayne, 2002). 

For so elegant an example of prokaryotic- 
eukaryotic cell interactions, the mechanisms and 
significance of Brachyspira end-on attachments 
are disappointingly understudied. The polar 
attachment of B. pilosicoli cells to cecal entero- 
cytes in one-day-old chicks currently provides 
the most practical experimental model for these 
investigations (Trott et al., 1995; Muniappa 
et al., 1998). Lattice-like structure (Sellwood and 
Bland, 1997) and surface, ring-like structures 
(Muniappa et al., 1998) observed at the tips of 
B. pilosicoli cells may be involved in attachment 
to the enterocytes. 

Intestinal spirochetosis occurs in tissues from 
both healthy animals and animals with intestinal 
disorders (Takeuchi and Zeller, 1972; Neutra, 
1980; Ruane et al., 1989; Barrett, 1997; Duhamel 
et al., 1997b). In swine this appearance is associ- 
ated with B. pilosicoli-inducQd colitis (Taylor 
and Trott, 1997; Hampson and Trott, 1999b). In 
humans both B. pilosicoli and B. aalborgi can be 
detected in rectal biopsy samples where intesti- 
nal spirochetosis is identified (Hovind-Hougen, 
1982; Trivett-Moore, 1998; Mikosza, 1999; 
Kraaz, 2000; Mikosza, 2001). Fluorescent oligo- 
nucleotide probes can be used to identify Brach- 
yspira species among swine intestinal tissues 
(Jensen et al., 2000). This fluorescent in situ 
hybridization (FISH) technology will undoubt- 
edly be important for the confirmed identifica- 
tion of spirochetes attached to cecal and colonic 
tissues. 

Brachyspira aalborgi and B. pilosicoli may not 
be the only spirochete species capable of end- 
on attachment to enterocytes. Intestinal spiro- 
chetes attached to the rectal mucosa of humans 
(Neutra, 1980) and rhesus monkeys (Takeuchi 
and Zeller, 1972) are larger in cell diameter 
(0.5 pm) than cells of B. aalborgi (0.2 pm) and 
B. pilosicoli (0.3 pm) (Sellwood and Bland, 
1997). Brachyspira-like spirochetes also colonize 
by end-on attachment to the cecal mucosal tis- 
sues of guinea pigs with typhlitis (Vanrobaeys et 
al., 1998). Other than B. aalborgi and B. pilosi- 
coli, none of these attached spirochetes has been 
isolated. 

Survival Outside the Host 

An important aspect of the transmission of any 
host-associated bacterium is the ability to survive 
outside the host species. Brachyspira hyodysen- 
teriae cells at concentrations sufficient to induce 
swine dysentery will survive up to a week in 
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lagoon water used to clean swine buildings 
(Olson, 1995). Brachyspira pilosicoli cells survive 
in lake water for 66 days at 4°C (Oxberry et al., 
1998). In laboratory studies, B. hy odys enter iae 
cells remain viable in diluted feces stored at 5°C 
for up to 60 days (Ctiia and Taylor, 1978). Pure 
cultures of B. hyodysenteriae and B. pilosicoli 
added at high concentrations (>10^ cfu/gm) to 
swine feces or a 10:90 mix of feces and soil and 
stored at 10°C remain viable for 78-210 days 
(Boye et al., 2001). Environmental factors such 
as humidity and temperature undoubtedly affect 
survival. Brachyspira bacterial traits involved in 
survival have not been identified. 



Epidemiology 

Subspecies Identification 

Serotype Analysis Brachyspira hyodysenteriae 
strains can be subdivided into serotypes based 
on the immunological reactivities of lipo- 
oligosaccharides (LOS) in hot water-phenol 
extracts of whole cells (Baum and Joens, 1979; Li 
et al., 1991). A more elaborate system of immu- 
nological identification assigns B. hyodysenteriae 
strains to serogroups and subdivides the groups 
into serovars (Hampson et al., 1989; Hampson et 
al., 1997; Lau and Hampson, 1992). This system 
has not been widely adopted because serogroups 
are not entirely consistent with genetic groupings 
based on MEE analysis (Lee et al., 1993a; Trott 
et al., 1997c). Enzyme-linked immunosorbent 
assay (ELISA) methods based on antibodies to 
LOS have been used to detect animal herd expo- 
sure to B. hyodysenteriae strains (Joens et al., 
1982; Wright et al., 1989). 

Differentiation Based on Gene and Genome 
Differences Several methods for differen- 
tiating strains of uncharacterized intestinal 
spirochetes and strains within the species B. 
hyodysenteriae or B. pilosicoli take advantage of 
DNA sequence differences. Sequence differ- 
ences have been directly detected through 
restriction endonuclease analyses of genomic 
DNAs either with or without hybridization with 
specific gene probes (Combs et al., 1992; ter 
Huurne et al., 1992a; Koopman et al., 1993a; 
Harel et al., 1994; Atyeo et al., 1996; Rayment et 
al., 1997; Fellstrom et al., 1999). 

Multilocus enzyme electrophoresis (MEE) 
analysis is useful for determining genetic rela- 
tionships among intestinal spirochetes at the spe- 
cies level for taxonomy. The technique can also 
be used to differentiate B. hyodysenteriae or B. 
pilosicoli at the subspecies level for epidemiolog- 
ical purposes (Lymbery et al., 1990; Oxberry 
et al., 1998; Trott et al., 1998). 



Brachyspira Population Structure 

Trott and colleagues investigated the genetic 
diversity of 231 B. hyodysenteriae isolates by 
MEE (Trott et al., 1997c). The electrophoretic 
profiles of 12 out of 15 tested enzymes were used 
to identify 50 different electrophoretic types 
among the isolates. Based on the findings, B. 
hyodysenteriae appears as a genetically diverse 
species with an epidemic population structure. 
Substantial genetic recombination likely has 
shaped the population structure of the species. 
Generalized gene transduction by VSH-1 (see 
Genetics) could play a role in this natural genetic 
recombination (Trott et al., 1997c; Stanton et al., 
2001). Brachyspira hyodysenteriae population 
structure and epidemic clones may result from 
disease control measures and animal manage- 
ment practices, including antibiotic use (Trott et 
al., 1997c; Fellstrom et al., 1999). 

Based on both MEE and PFGE methods, pop- 
ulation analyses of B. pilosicoli from indigenous 
peoples of villages in Papua, New Guinea, sug- 
gest a recombinant structure also for that spiro- 
chete (Trott et al., 1998). Thus far, assays to 
differentiate B. pilosicoli strains originating from 
different host species indicate a high diversity of 
genotypes for this spirochete, making it difficult 
to conclude that zoonotic transmission of the 
pathogen to humans occurs (Rayment et al., 
1997; Trott et al., 1997c), although this remains a 
possibility. 

Disease 

Brachyspira hyodysenteriae, B. pilosicoli, B. 
intermedia and B. alvinipulli cause intestinal dis- 
ease when inoculated into their normal, healthy 
host animals (Table 1). Brachyspira hyodysente- 
riae, the etiologic agent of swine dysentery, has 
been investigated for several decades, whereas 
the other two species were identified and have 
been studied only over the last few years. Thus, 
most disease-related research on Brachyspira 
has focused on B. hyodysenteriae. 

Several recent publications extensively 
describe Brachyspira diseases from the view- 
point of host manifestations, clinical detection 
methods, therapies, and experimental models 
(Barrett, 1997; Galvin et al., 1997; Hampson et 
al., 1997; Swayne and McLaren, 1997; Taylor and 
Trott, 1997; Hampson and Trott, 1999b; Harris et 
al., 1999; Swayne, 2002; Stephens and Hampson, 
2001). Published research papers from the recur- 
rent International Conference on Colonic Spiro- 
chaetes also provide topical information on these 
subjects. 



CHAPTER 4.6 



The Genus Brachyspira 347 



Swine Dysentery {B. hy odys enter iae) 

Swine dysentery (bloody scours or black scours) 
is a severe intestinal disease that affects piglets, 
primarily in the postweaning stage of growth (8- 
14 weeks after birth). The disease has been 
reported worldwide in every major pig produc- 
ing country. A typical sign of the disease is pro- 
fuse bleeding into the large bowel lumen through 
lesions induced by B. hy odys enter iae cells. 
Afflicted animals pass loose stools containing 
blood and mucus and microscopically visible spi- 
rochetes. These are presumptive signs of the dis- 
ease. Culturing and identifying B. hy odys enter iae 
cells, along with histopathological observations, 
provide conclusive evidence of swine dysentery. 
Up to 90-100% of a herd can become infected, 
and without effective treatment, 20-30% of 
infected animals may die. Economic losses result 
from death, poor weight gain/feed efficiency, and 
medication expenses. Swine management strate- 
gies, including segregation by age and prophylac- 
tic administration of antibiotics, are believed 
responsible for a reduction in swine dysentery in 
the United States in recent years. 

Swine dysentery is easily produced by feeding 
or intragastrically inoculating normal swine with 
B. hyodysenteriae cultures (Kinyon et al., 1977; 
Kennedy et al., 1988; Stanton and Jensen, 1993a). 
However, the type strain B78^ of B. hyodysente- 
riae is weakly virulent and should not be used in 
experimental infections (Jensen and Stanton, 
1993a). 

Various approaches have been used to develop 
whole cell or cell subunit-based vaccines for 
swine dysentery (summarized in Lee et al., 2000). 
One commercial vaccine for swine dysentery is 
based on pepsin-digested B. hyodysenteriae cells 
(Intervet, Akzo Nobel, DeSoto, KS). The immu- 
nological properties of the vaccine are now being 
examined (Waters et al., 2000). 

Brachyspira hyodysenteriae has a limited host 
range. Swine are the common, but not the exclu- 
sive, hosts. Strains of the spirochete also have 
been isolated from juvenile rheas with a severe 
necrotizing typhlitis (Sagartz et al., 1992; Jensen 
et al., 1996; Buckles et al., 1997). Mice (Joens 
and Clock, 1979; Nibbelink and Wannemuehler, 
1992; ter Huurne et al., 1992b; Rosey et al., 1996) 
and one-day-old chicks (Sueyoshi and Adachi, 
1990) have been used in experimental infections. 
Nevertheless, nuances or inconsistencies are 
associated with the use of these surrogate animal 
models (Jensen and Stanton, 1993a; Achacha et 
al., 1996). For this reason, conclusions regarding 
B. hyodysenteriae pathogenesis based on mouse 
or one-day-old chick models should be con- 
firmed through the use of swine infections. 



Brachyspira hyodysenteriae 
Virulence Determinants 

Several cell properties are putative or demon- 
strated virulence-associated traits of B. hyodys- 
enteriae. They include the following: LOS in a 
mouse model (Nuessen et al., 1982; Nuessen et 
al., 1983; Greer and Wannemuehler, 1989; Nib- 
belink and Wannemuehler, 1991); hemolysin/ 
hemolytic activity (Saheb et al., 1980; Saheb et 
al., 1981; Kent et al., 1988; Lysons et al., 1991; ter 
Huurne et al., 1992b; ter Huurne et al., 1994; 
Hutto and Wannemuehler, 1999; Hsu et al., 
2001); chemotaxis/motility (Clock et al., 1974; 
Kennedy et al., 1988; Milner and Sellwood, 1994; 
Kennedy and Yancey, 1996); oxygen metabolism/ 
NADH oxidase (Jensen and Stanton, 1993b; 
Stanton and Jensen, 1993b; Stanton, 1997a; 
Stanton et al., 1999b); and immunoreactive 
membrane proteins VspH and BlpA with a 
potential for antigenic variation (Cullen et al., 
2003; Gabe et al., 1998; McCaman et al., 2003). 
The ability to create strains with specific gene 
mutations provides direct evidence of a link 
between virulence and NADH oxidase activity, 
motility /flagella (see Ecology), and hemolytic 
activity. Mutant strains with specific deletions of 
nox (Stanton et al., 1999b), flaA or fiaB 
(Kennedy et al., 1997), or tlyA (Hyatt et al., 1994; 
Joens, 1997) are avirulent for swine compared to 
their isogenic wild-type counterparts. 

Though tlyA, tlyB, and tlyC were considered 
to be hemolysin genes of B. hyodysenteriae (Muir 
et al., 1992; ter Huurne et al., 1992b; ter Huurne 
et al., 1994), a recent study raises questions about 
whether the proteins encoded by these genes are 
true hemolysins (Hsu et al., 2001). In that study, 
a protein with hemolytic activity was purified 
from B. hyodysenteriae cells and its gene QilyA) 
was cloned in E. coli. The recombinant protein 
has hemolytic and biochemical activities similar 
to those of the native purified hemolysin. These 
properties are different from those of the previ- 
ously described TlyA-C proteins. The latter pro- 
teins, obtained by random “shotgun” cloning of 
B. hyodysenteriae DNA into E. coli with selec- 
tion for hemolytic colonies, are possibly B. hyo- 
dysenteriae regulatory proteins that induce 
synthesis of known or cryptic hemolysins in E. 
coli cells. Alternatively they could be “pseudo”- 
hemolytic proteins, the result of being over- 
expressed from high copy plasmids in E. coli. 
Interestingly, although its identity as a true 
hemolysin has been questioned, the tlyA gene 
product is essential for virulence (ter Huurne et 
al., 1992b; Hyatt et al., 1994). Its role in virulence 
should be examined further. 
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Spirochetal Colitis and Spirochetal 
Diarrhea {B. pilosicoli) 

Spirochetal colitis caused by Brachyspira pilosi- 
coli is a mild to moderate diarrheal disease of 
swine, birds, and possibly humans (Swayne and 
McLaren, 1997; Taylor and Trott, 1997; Hampson 
and Trott, 1999b). Watery, mucoid diarrhea and 
a reduction of growth rate of affected animals 
are common clinical signs. Spirochetal colitis of 
swine resembles a mild case or a very early stage 
of swine dysentery. The disease can be experi- 
mentally produced by inoculating pure cultures 
of B. pilosicoli into normal swine (Taylor et al., 
1980; Trott et al., 1996c; Thomson et al., 1997). 

Evidence that B. pilosicoli is a pathogen of 
humans is circumstantial but multifarious. 
Brachyspira pilosicoli strains have been isolated 
from humans, including some (homosexual 
males or those living in developing countries) 
with intestinal disorders and who are immuno- 
compromised (Barrett, 1997; Trott et al., 1997a; 
Trott et al., 1997b). Human strains are virulent 
for healthy piglets (Trott et al., 1996b). A human 
volunteer became colonized after drinking cul- 
tures of B. pilosicoli strain Wes B (Oxberry et al., 
1998). Finally, B. pilosicoli has been isolated 
from the blood of human patients (Trott et al., 
1997b). The significance and the capacity of B. 
pilosicoli cells to leave the intestinal tract and 
circulate throughout the host’s body have not 
been sufficiently investigated. 

Virulence factors of B. pilosicoli are unknown. 
By virtue of their location, outer membrane pro- 
teins undoubtedly mediate interactions between 
spirochete cells and their environment and are 
likely involved in host colonization and virulence 
(Trott et al., 2001; Trott et al., 2004). Cell motility, 
chemotaxis and spirochete end-on attachment to 
host tissues (see Ecology) are likely to be asso- 
ciated with colonization of the intestinal tract 
and therefore important for pathogenesis. In the 
absence of gross lesions, extensive colonization 
of intestinal tissues by B. pilosicoli cells with 
associated damage to microvilli could interfere 
with intestinal absorptive processes and lead to 
diarrhea (Gad et al., 1977; Taylor and Trott, 
1997). 

Human Intestinal Spirochetosis 

{B. pilosicoli, B. aalborgi, Brachyspira spp.) 

There is no doubt that human colonic and rectal 
mucosae can be colonized by dense arrays of 
spirochetes (Barrett, 1997; Harland and Lee, 
1967; Korner and Gebbers, 2003). The coloniza- 
tion is visible upon histological examination of 
intestinal biopsies and is known as human intes- 
tinal spirochetosis (HIS). There are unanswered 
questions, however, about the clinical signifi- 



cance of HIS and about the identities of the 
colonizing spirochetes. The prevalence of HIS 
appears greater among humans with poor living 
standards and among immunocompromised 
patients, for example HIV patients, than among 
healthy humans. HIS has been associated with 
intestinal disorders but also has been observed 
in healthy humans (reviewed in Barrett, 1997; 
Korner and Gebbers, 2003). Spirochetes in 
human feces and/or in association with HIS biop- 
sies have been reported to be strains of B. pilosi- 
coli, B. aalborgi, and unknown Brachyspira 
species (Brooke et al., 2003; Hovind-Hougen et 
al., 1982; Jensen et al., 2001; Mikosza et al., 2001). 
This species diversity could explain differences 
in clinical symptoms in humans. An alternative 
explanation is that HIS strains belonging to the 
same Brachyspira species may differ in patho- 
genic properties. The patient’s physiologic, 
immune response, and non-spirochete micro- 
biota could also be factors in determining 
whether the colonizing spirochetes are commen- 
sals or pathogens. Progress in understanding HIS 
would undoubtedly benefit from advances in 
understanding the diversity and unique proper- 
ties of human spirochete species. 

Avian Spirochete Intestinal Diseases 

Avian diarrheal diseases can have various Brach- 
yspira species as etiological agents (Swayne and 
McLaren, 1997; Swayne, 2002; Stephens and 
Hampson, 2001, 2004). In addition to B. pilosi- 
coli and B. hyodys enter iae (see Disease), B. 
alvinipulli Cl^, isolated from a diarrheic chicken, 
is a chicken enteropathogen. The Cl^ cells 
colonize the ceca of 1 -day-old chicks and 14- 
month-old hens and produce mild typhlitis with 
discolored and watery cecal contents (Swayne 
et al., 1995). Brachyspira alvinipulli has been 
isolated only from poultry and resembles an 
enteropathogenic spirochete earlier described by 
Davelaar et al. (1986). 

Many studies of avian intestinal infections 
associated with spirochetes were made before 
Brachyspira species had been characterized and 
taxonomicahy established (Davelaar et al., 
1986; Griffiths et al., 1987; Dwars et al., 1989). 
Brachyspira intermedia appears to be another 
common avian enteropathgen, inasmuch as spi- 
rochetes of that species have been isolated from 
birds with moderate intestinal colitis (Swayne 
and McLaren, 1997; Stephens and Hampson, 
2001; Swayne, 2002). One-day-old chicks inocu- 
lated with pure cultures of an intestinal spiro- 
chete strain 1380, later identified by MEE 
analysis as a strain of B. intermedia (Swayne and 
McLaren, 1997), shed watery feces containing 
spirochetes and had detectable reductions in 
body weight compared to control birds (Dwars 
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et al., 1992). Avian B. intermedia strain HB60 
isolated from a hen with diarrhea causes reduced 
egg production and watery feces when inocu- 
lated into healthy hens (Hampson and McLaren, 
1999a). A B. intermedia strain, freshly isolated 
from a swine herd with diarrhea, was not patho- 
genic for swine (Jensen et al., 2000). 

Virulence traits of B. alvinipulli and other 
avian enteropathogenic Brachyspira species 
have yet to be determined. 

Brachyspira spp. 

Antimicrobial Resistance 

International and national guidelines for evalu- 
ating and monitoring Brachyspira antimicrobial 
susceptibilities under standard culture condi- 
tions are not yet available. B. hyodysenteriae 
strains have been divided into sensitive and 
resistant groups based on their susceptibilities 
to tylosin, erythromycin, and clindamycin 
(Karlsson et al., 2003). Resistance to these anti- 
biotics is associated with a 23S rRNA gene muta- 
tion (Karlsson et al., 1999). B. pilosicoli isolates 
from humans or swine were found to be resistant 
to tetracycline, clindamycin, and amoxicillin. 
All strains were susceptible to an amoxicillin- 
clavulanic acid combination, indirect evidence 
that a b-lactamase is involved in resistance to 
amoxicillin. 

Applications 

Among the spirochetes, Brachyspira hyodysente- 
riae stands out as a good, practical choice for 
studying spirochete genetics and for investigat- 
ing basic biological mechanisms of spirochetes, 
including host-pathogen interactions. The cul- 
tural, nutritional, and metabolic properties of B. 
hyodysenteriae have been substantially charac- 
terized and a serum-free, low-protein culture 
medium has been described (See Physiology). 
Brachyspira hyodysenteriae is an anaerobic spi- 
rochete but is aerotolerant. An experimental dis- 
ease model featuring swine, the natural animal 
host of B. hyodysenteriae, has been available for 
many years (See Disease). Most importantly, 
recent research has provided a basis for under- 
standing and manipulating this spirochete at the 
gene level (See Genetics). 

Brachyspira hyodysenteriae is currently being 
used as a model in studies of spirochete motility. 
Strains with single or double mutations in 
specific flagellar genes are being created and 
used to evaluate the role of specific flagellar pro- 
teins in flagellar ultrastructure and cell motility 
(Li et al., 2000; C. Li and N. W. Charon, personal 
communication). 
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Introduction 

Green sulfur bacteria {Chlorobiaceae) represent 
a phylogenetically coherent and isolated group 
within the domain Bacteria (see “Phytogeny”). 
As a distinct cytological feature, Chlorohiaceae- 
contain special light-harvesting complexes, 
so-called chlorosomes which harbor bacterio- 
chlorophylls and carotenoids. Furthermore, 
green sulfur bacteria differ from most other pho- 
totrophic organisms with respect to the chemical 
structure of the antenna bacteriochlorophylls. 
Similar antenna complexes have only been found 
in the phylogenetically distant bacterial family 
Chloroflexaceae. 

Green sulfur bacteria are obligate photo- 
lithotrophs and are similar to the Chloroflex- 
aceae, Chromatiaceae, and phototrophic species 
of the a- and (3-proteobacteria, such that water 
cannot serve as electron donating substrate of 
the photosynthetic reaction center and molecu- 
lar oxygen is not generated during anoxygenic 
photosynthesis. Instead, the electrons which are 
ultimately required for the assimilatory reduc- 
tion of CO 2 originate from sulfur compounds 
with low redox potential or from molecular 
hydrogen (see The Phototrophic Way of Life in 
Volume 2). 

Because of their limited physiological flexibil- 
ity, the ecological niche of green sulfur bacteria 
is rather narrow. All known species of the green 
sulfur bacteria are typical aquatic microorgan- 
isms and occur where light reaches anoxic water 
layers of lakes or littoral sediments. In some of 
these ecosystems green sulfur bacteria play a key 
role in the transformations of carbon and sulfur 
compounds. Another phenotypic trait of ecolog- 
ical significance is the adaptation to low light 
intensities. Compared to any other phototrophic 
microorganism, green sulfur bacteria are able to 
colonize the lowermost water or sediment layers 
in oxic/anoxic ecosystems (see “Ecology”). 

The cells of most species of green sulfur bac- 
teria are morphologically rather inconspicuous 
members of natural bacterial communities (see 
“Identification”). Exceptions are the photo- 
trophic consortia, stable associations of green 



sulfur bacteria with chemotrophic bacteria which 
are found in many freshwater habitats. At the 
present state of knowledge, these phototrophic 
consortia represent the most highly evolved sym- 
biosis in the prokaryotic world. 

Phylogeny 

Relatedness to Other Bacterial Phyla 

Based on a recent phylogenetic analysis (Over- 
mann and Tuschak, 1997b), green sulfur bacteria 
as a group are phylogenetically isolated within 
the eubacterial radiation. The comparison of 16S 
rRNA gene sequences thus fully confirmed ear- 
lier results of ribosomal oligonucleotid catalogu- 
ing (Gibson et al., 1985; Woese et al., 1985). The 
closest relative presently in pure culture is 
Cytophaga sp. strain BDl-15 (77.9% similarity, 
Knuc = 0.26). Green sulfur bacteria appear to be 
the sister taxon of the BacteroidesIFlavohacte- 
rium phylum (Stackebrandt et al., 1996), which 
is also indicated by sequence homology of the 
recA gene of both groups (Gruber et al., 1998b). 

Green sulfur bacteria harbor chlorosomes 
which contain bacteriochlorophylls c, d, or e as 
accessory pigments. Chlorosomes and the bacte- 
riochlorophylls c or d are also present in the 
multicellular filamentous gliding bacteria of 
the family Chloroflexaceae. Furthermore, the 
CsmA proteins of the chlorosome envelope 
are homologous in Chlorobiaceae and Chlorof- 
lexaceae. The occurrence of chlorosomes in such 
distantly related bacterial groups could indicate 
a lateral transfer of the genetic information 
coding for this unique photosynthetic light- 
harvesting structure (Stackebrandt et al., 1996). 

On a more detailed level, however, differences 
exist between the molecular architecture of the 
photosynthetic apparatus in green sulfur bacte- 
ria and Chloroflexaceae. The photosynthetic unit 
of green sulfur bacteria contains ten times more 
antenna pigments as the one in Chloroflexus con- 
tains (Olson, 1998) and the amino sequences of 
the chlorosome proteins of both groups exhibit 
a rather low degree of homology (Blankenship 
et al., 1995). The antenna bacteriochlorophylls in 
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green sulfur bacteria are esterified with the alco- 
hol farnesol, those of Chloroflexus with stearol 
instead. Furthermore, the water-soluble trimeric 
FMO-protein which in green sulfur bacteria links 
the chlorosome to the reaction center is absent 
from the photosynthetic apparatus of Chlorof- 
lexus. Even more significantly, the structure of 
the reaction center is conspicuously different for 
both phylogenetic groups. Whereas the reaction 
center of green sulfur bacteria belongs to the 
iron-sulfur-type, the quinone-type is found in 
Chloroflexus (see The Phototrophic Way of Life 
in Volume 2). These considerable differences 
support the phylogenetic divergence between 
green sulfur bacteria and Chloroflexaceae. 

Compared to the photosynthetic Proteohacte- 
ria, the Heliohacteriaceae, and the Cyanobacte- 
ria, all green sulfur bacteria sequenced to date 
branch shallow within the phylogenetic tree of 
eubacteria (Stackebrandt et al., 1996), suggesting 
a more recent radiation. This could indicate 
either a lateral transfer of genes for chlorosome 
formation to a single predecessor containing a 
Fe-S-type reaction center or that the more 
deeply branching green sulfur bacteria have not 
been isolated so far. Several 16S rRNA 
sequences cloned from environmental samples 
exhibit a significantly higher sequence similarity 
than that of members of the BacteroidesI 
Flavobacterium phylum (76.3-87% similarity; 
Overmann and Tuschak, 1997b). Because these 
sequences originate from uncultured bacteria in 
geothermal springs (Kopczynski et al., 1994; 
Ward et al., 1992) or soil samples (Maidak et al., 
1994), closer relatives of the green sulfur bacteria 
must actually exist in a variety of habitats and 
still await isolation and characterization. 

Diversity within the Family Chlorobiaceae 

Green sulfur bacteria can be considered as a 
family of genetically related species. The similar- 
ity of the 16S rRNA gene of all species except 
one is >90.1% (Knuc < 0.11). Only Chloroherpe- 
ton thalassium is more distantly related (85.5 to 
87% similarity) and thus may represent an iso- 
lated branch within the radiation of green sulfur 
bacteria. 

Presently, the genera and species of green sul- 
fur bacteria are distinguished according to cell 
morphology, motility, ability to form gas vesicles, 
and pigment composition (Pfennig, 1989; see 
“Taxonomy”). The results of the 16S rRNA 
sequence analysis indicate that most of these 
phenotypic traits are of little phylogenetic signifi- 
cance. Some species belonging to different 
genera are phylogenetically closely related 
(e.g. Prosthecochloris aestuarii with Chlorobium 
vibrio forme). The three different species of the 
genus Pelodictyon do not form a coherent cluster 



within the green sulfur bacterial radiation. Fur- 
thermore, considerable genetic diversity has 
been discovered within the species Chlorobium 
limicola or the species Chi. vibrioforme; different 
strains of the same species can exhibit as much 
as 8% sequence divergence of the 16S rRNA 
gene (Figueras et al., 1997; Overmann and Tus- 
chak, 1997b). The mol% G+C of Chi. limicola 
strains varies between 49 and 58.1 mol% and 
total genome size ranges from 1,435 to 3,342 kb 
(Mendez- Alvarez et al., 1996). Consequently, the 
genera and species of the green sulfur bacteria 
have to be redefined. However, because only a 
limited number of 16S rRNA gene sequences are 
presently available, additional strains need to be 
isolated and analyzed before a consistent new 
classification system can be established. 



Taxonomy 

Green sulfur bacteria are presently divided into 
5 genera and 14 species. As all of the species 
share most of the physiological capacities, the 
six genera Ancalochloris, Chlorobium, Chloro- 
herpeton, Clathrochloris, Pelodictyon, and Pros- 
thecochloris are presently distinguished based 
on cell morphology, motility, and ability to form 
gas vesicles. Species are classified according to 
their morphology and pigment composition 
(Table 1). 

A recent analysis of the phylogenetic relation- 
ships between the different species of green 
sulfur bacteria (Diversity) within the family 
Chlorobiaceae has revealed that most of the phe- 
notypic traits used in the classification of this 
family have no taxonomic implications. Because 
the current taxonomy of green sulfur bacteria is 
based on these latter characteristics, it is not con- 
gruent with the phylogenetic tree. However, ter- 
nary fission has been observed only for the two 
closely related Pelodictyon clathrati forme and 
Pld. phaeoclathratiforme. Other traits of phylo- 
genetic significance might be the filamentous 
morphology and gliding motility which are only 
found in the phylogenetically rather isolated 
Chloroherpeton thalassium. Interestingly, closely 
related strains seem to have similar salt require- 
ments for growth (Overmann, 1999a). Although 
only few data are available, the fatty acid com- 
position may similarly refiect the phylogenetic 
relations. For example, three phylogenetically 
closely related saltwater strains {Chlorobium 
phaeovibrioides DSM 269T, Chi. vibrioforme 
DSM 262, and Pelodictyon luteolum DSM 273T) 
contain relatively low amounts of the fatty acid 
myristate but high amounts of palmitate and 
palmitoleate (Kenyon and Gray, 1974; Knudsen 
et al., 1982; Imhoff, 1988). 



Table 1. Phenotypic characteristics of the known species of green sulfur bacteria. 
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Abreviations: +, present; -, absent; n.d., not determined; BChl, bacteriochlorophyll; chi, chlorobactene; irt, isorenieratene; car, carotene. 
Adapted from Triiper and Pfennig, 1992. 
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Habitat 

Green sulfur bacteria are found in various types 
of aquatic habitats like the pelagial of lakes or 
lagoons, bottom layers of bacterial mats in inter- 
tidal sediments or bacterial mats in hot springs. 
As a result of their limited physiological capaci- 
ties, these bacteria can only grow in the narrow 
zone of overlap between the opposing gradients 
of light and sulfide. In lakes and lagoons this 
zone extends over 0.5 to 2 m and occurs at a 
depth of 2 to 20 m. Layers of Prosthecochloris 
aestuarii in marine sediments are only 1 mm 
thick and are found at about 5 mm depth 
(Pierson et al., 1987). In contrast to their purple 
counterparts, the Chromatiaceae, macrocopically 
visible accumulations of green sulfur bacteria are 
observed less frequently. Nonetheless, Chloro- 
bium species can be enriched using anoxic mud 
and sediment samples from a wide variety of 
freshwater and marine environments (Truper 
and Pfennig, 1992). This indicates that small pop- 
ulations of green sulfur bacteria are able to sur- 
vive in a wide range of habitats. 

Inland Lakes and Lagoons 

Blooms of green sulfur bacteria occur at the 
chemocline of thermally stratified or meromictic 
lakes. For example, Chlorohium limicola domi- 
nates the green layer in the chemocline of 
Wadolek Lake (Poland) (Czeczuga, 1968). Chlo- 
robium phaeobacteroides and Chlorobium phae- 
ovibrioides thrive in the chemocline of fjords 
(Pfennig, 1968), meromictic lakes (Truper and 
Genovese, 1968; Culver and Brunskill, 1969), or 
tropical lagoons (Caumette, 1984). Frequently, 
such planktonic habitats are predominantly 
colonized by those species which are capable of 
forming gas vesicles, like Ancalochloris perfilievii 
(Gorlenko and Lebedeva, 1971b), Pelodictyon 
luteolum (Gorlenko and Lebedeva, 1971b), 
Pelodictyon phaeum (Gorlenko et al., 1973), or 
Pelodictyon phaeoclathratiforme (Overmann and 
Tilzer, 1989b). A complete list and a description 
of the various habitats were recently compiled by 
van Gemerden and Mas, 1995. 

Black Sea 

Today, the Black Sea represents the largest 
anoxic water mass on Earth. The chemocline is 
positioned at a depth of 68-98 m and harbors 
the deepest extant assemblage of green sulfur 
bacteria known so far, albeit at a very low bio- 
mass density (0.94 ng bacteriochlorophyll • L'^) 
(Repeta et al., 1989). A strain of Chlorobium 
phaeobacteroides isolated from chemocline sam- 
ples exhibited outstanding low-light adapatation 
(see Physiology). This is an impressive example 



of the capacity of brown Chlorobium species to 
survive at incredibly low light intensities. The 
Black Sea may serve as a model ecosystem for 
past anoxic states of large ocean basins (Green 
Sulfur Bacteria during Geological Time Scales). 

Marine Sediments 

Only in a few marine sediments green sulfur bac- 
teria have been found to develop profusely. In 
their fully developed state some multilayered 
microbial mats (“Farbstreifensandwatt”) contain 
a bottom layer of green sulfur bacterial cells 
belonging to the species Prosthecochloris aestu- 
arii and Chloroherpeton thalassium (Gibson et 
al., 1984; Nicholson et al., 1987). 

Sulfur Springs 

The first reports of natural accumulations of 
green sulfur bacteria are from Szafer, 1910, 
and Streszewski, 1913, who observed layers of 
green bacteria in the effluents of sulfur springs 
in Poland. Subsequently, dense accumulations 
of thermophilic green sulfur bacteria were 
described for sulfur springs in New Zealand, 
where green sulfur bacteria form 3 mm-thick, 
unlaminated mats on the bottom substrate and 
thrive at sulfide concentrations above 50 pM, pH 
values between 6.0 and 4.5, and temperatures 
between 55° and 45°C (Castenholz et al., 1990). 
From the latter habitat, the thermophilic 
Chlorobium tepidum has been isolated 
(Wahlund et al., 1991). 

Isolation 

Direct Isolation 

During enrichment of green sulfur bacteria in 
defined liquid media, those species which domi- 
nate in natural samples may be entirely outcom- 
peted by the rare species. Consequently, samples 
in which green sulfur bacterial cells of unknown 
morphology or phylotype have been detected by 
microscopy or molecular methods (see “Identifi- 
cation”) must be inoculated directly in deep-agar 
dilution series. Medium GSB is used and supple- 
mented with 3 mM sodium acetate, which serves 
as an additional carbon source and therefore 
yields much larger colonies. The tubes are incu- 
bated at 20-50 pmol-m“^-s“^ of fluorescent light in 
order to provide the least selective conditions. At 
least in one case {Pld. phaeoclathratiforme DSM 
5477^) colony formation in the agar tubes is crit- 
ically dependent on the addition of sodium 
dithionite (final concentration, 200 pM) to the 
agar medium (Overmann and Pfennig, 1989a). 

Pure cultures are obtained by repeated appli- 
cation of the deep-agar dilution method. A 
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3.3% (w/v) suspension of Difco Bacto agar is 
prepared and washed five times with distilled 
water. After boiling (or autoclaving for 10 min), 
3-ml aliquots of the water agar are dispensed into 
test tubes which are stoppered with cotton plugs 
and autoclaved. The agar is kept molten in a 
water bath at 60°C, 6-ml aliquots of perwarmed 
(42°C) mineral medium GSB are added to each 
tube, and the complete molten agar medium 
kept at 42°C. After inoculation with 0.05 to 
0.5 ml of the sample, serial dilutions of 8 tubes 
are made in 1 : 10 dilution steps. Afterwards, all 
tubes are transferred to a cold water bath in 
order to harden the agar plugs, and each tube is 
flushed with a mixture of N 2 /CO 2 (90/10) and 
sealed with a butyl rubber stopper. The media 
have to be preincubated in the dark for at least 
12 h before incubation in the light. After the 
growth of green sulfur bacteria, well-separated 
lens-shaped green or brown colonies are 
removed with sterile Pasteur pipettes and — if 
pure — transferred to liquid medium. Alterna- 
tively, a colony is resuspended in 0.5 ml of 
medium and used as inoculum for subsequent 
deep-agar dilution series until a pure cultures is 
obtained. 

Selective Enrichment 

Green sulfur bacteria can be obtained from a 
wide variety of anoxic aquatic habitats if water, 
mud, or sediment samples are used as inoculum 
for selective enrichment cultures. Medium GSB 
should be used at pH values between 6.6 and 
6.9, but not above 7.0. High light intensities (50- 
200 pmol-m'^-s“\ daylight fluorescent tubes) and 
temperatures (30-35°C) select for green Chloro- 
bium and Prosthecochloris species (Truper, 
1970a, Matheron and Baulaigue, 1972). Many 
typical gas vacuole-containing freshwater 
species, like Pelodictyon clathratiforme, Pld. 
phaeoclathratiforme, and Ancalochloris perfil- 
ievii, compete successfully only at low sulfide 
concentrations (<2 mM) and low temperatures 
(<20° C). For the enrichment of green sulfur 
bacteria from samples containing large numbers 
of purple sulfur bacteria, cool white fluorescent 
light should be used at low intensities (0.5- 
5 pmol-m“^-s“^). Using this technique, cultures of 
green sulfur bacteria can be obtained even from 
samples in which green sulfur bacteria represent 
only 0.001% of the total number of phototrophic 
cells (Overmann et al., 1991a). The phototrophic 
consortium “Chlorochromatium aggregatum” 
can be enriched from anoxic lake sediment 
samples using the mineral medium GSB 
supplemented with 2 mM 2-oxoglutarate. It is 
mandatory to lower the sulfide concentration to 
300 pM sulfide in order to suppress growth of 
free-living green sulfur bacteria. The pH of 



the mineral medium should be set to 7.2 and 
for illumination, daylight fluorescent tubes and 
a light intensity of 2-5 pmol-m“^-s“^ should 
be employed. Under these conditions, highly 
enriched cultures of intact consortia can be 
maintained in the laboratory (Frostl and 
Overmann, 1998). 

Identification 

Phenotypically, the genera and species of green 
sulfur bacteria are distinguished based on their 
morphology and pigment composition (see “Tax- 
onomy”). It has to be kept in mind, however, that 
both morphological traits have no phylogenetic 
significance (see “Phytogeny”). Depending on 
the species, cells are spherical, ovoid, or curved- 
shaped. All species multiply by binary fission and 
are immotile (Table 1). Cells of Chloroherpeton 
thalassium are long unicellular filaments, highly 
flexible, and motile by gliding. During stationary 
phase, strains of rod-shaped Chlorobium spp. 
may form long chains of almost spherical cells, 
and strains with vibrioid morphology can form 
coils of C-shaped cells. Ternary fission occurs in 
Pelodictyon clathratiforme and Pld. phaeoclath- 
ratiforme and leads to the formation of large 
three-dimensional nets. Fig. 1 shows the different 
morphologies which occur among the known 
species of green sulfur bacteria. The cells stain 
Gram-negative. 

Depending on their pigment composition, 
cultures of green sulfur bacteria are either green- 
or brown-colored and thus macroscopically 
can resemble those of purple sulfur bacteria. 
In contrast to the latter, however, the pigments 
dominating in green sulfur bacteria are bacteri- 
ochlorophylls c, d or e. In intact cells, the long 
wavelength absorption peaks of these bacterio- 
chlorophylls (BChl) are positioned at 745- 
755 nm (BChl c), 715-745 nm (BChl d), and 
710-725 nm (BChl e) (Fig. 2) (Gloe et al., 1975) 
and can be used to rapidly differentiate between 
green sulfur bacteria and other photosynthetic 
prokaryotes like Chromatiaceae, Ectothiorho- 
dospiraceae, and cyanobacteria. When recording 
the absorption spectra of living cell suspensions, 
light scattering can be decreased by the addition 
of 5 g sucrose to 3.7 ml of culture fluid and by 
using a spectrophotometer equipped with an 
end-on photomultiplier (Pfennig and Truper, 
1992). The scattering can further be decreased by 
a disintegration of the cells, passing them once 
through a french press. Control experiments 
have demonstrated that no change in the posi- 
tion of the absorption peaks of bacterial pig- 
ments occurs if the lysates are scanned directly 
after french press treatment (Glaeser and 
Overmann, 1999). 
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Fig. 1. Phylogenetic tree of the green 
sulfur bacteria. Construction was done 
as described by Overmann and Tuschak 
(1997b), using the most closely related 
16S rRNA gene sequence available as 
the outgroup. Numbers at nodes indicate 
bootstrap values for each node out of 
100 bootstrap resamplings, only values 
<50 are given. Bar, branch length for 0.1 
substitutions per base. 
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Certain features of green sulfur bacteria can 
be observed by simple light microscopy. Due to 
the high intracellular concentrations of antenna 
pigments, bright held microscopy is often 
sufficient to discern even individual cells of 
green sulfur bacteria from accompanying 
chemotrophic cells in natural samples. During 
oxidation of sulhde, droplets consisting mainly of 
zero valence sulfur form outside of the cells and 
become microscopically visible as highly retrac- 
tile sulfur globules. In phase contrast, these glob- 
ules appear yellowish and are surrounded by a 
pronounced dark fringe (Fig. lA). Strains which 
are capable of gas vesicle formation may be de- 
void of gas vesicles at the high light intensities 
routinely employed during laboratory incuba- 
tions. At least in one strain {Peiodictyon 
phaeociathratiforme DSM 5477^), gas vesicle 
formation is induced exclusively by transfer of 
cultures to very low light intensities (<5 pmol-m“ 
^•s"\ huorescent light). 

An important diagnostic feature of green sul- 
fur bacteria is the presence of chlorosomes, 
although these structures are not exclusively 
found in this group but also are found in Chlo- 
roflexaceae. Chlorosomes can be detected by 
electron microscopy either in ultrathin sections 
(see The Phototrophic Way of Life in Volume 2) 
or by negative staining. 

Meanwhile, a huorescently labelled oligonu- 
cleotide probe with a high specihcity for green 
sulfur bacteria has become available (Tuschak 
et al., 1999, Fig. 6) and permits a rapid and 
unambigous identihcation of members of this 
family in complex microbial communities. In 



order to obtain previously unkown 16S rRNA 
gene sequences of green sulfur bacteria in natu- 
ral samples, an oligonucleotide primer pair has 
been developed for the selective amplihcation of 
these sequences by PCR. Different sequences 
can then be separated based on their different 
melting behaviour in denaturing gradient gel 
electrophoresis (DGGE) and the resulting DNA 
bands excised from the gel and sequenced 
(Overmann et al., 1999b). Using this technique, 
a number of new sequence types of green sulfur 
bacteria were detected in natural samples. 

For a physiological characterization, a set of 
40 different carbon substrates is routinely 
employed (Overmann and Pfennig, 1989a) with 
the standard medium GSB. Only pyruvate, ace- 
tate, and propionate are photoassimilated by the 
strains tested so far. 

Future descriptions of new species or genera 
have to be based on pure cultures and not only 
should contain detailed information about cell 
morphology (color, size, shape, motility, mode of 
division, presence of gas vesicles, slime capsules, 
sheath), the occurrence of cell aggregates, the 
ultrastructure, and photosynthetic pigments, but 
also must contain the full 16S rRNA gene 
sequence and the GC content. The sulhde toler- 
ance, salinity requirements, optimum growth 
temperature and pH, vitamin requirements, the 
sulfur compounds used as electron-donating sub- 
strates, and the carbon sources utilized should be 
indicated. A description of typical habitats is also 
necessary. At the present state of knowledge, the 
creation of a new species only appears to be 
justihed if a new isolate shows a considerable 
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Fig. 2. Morphology of the Chlorobiaceae (phase contrast micrographs). Bars 10 pm. (a) Chlorobium limicola. (b) Chlorobium 
phaeovibrioides. (c) Prosthecochloris aestuarii. (d) Pelodictyon clathratiforme. (Courtesy of Triiper and Pfennig, 1992.) 



sequence divergence to all known strains of 
green sulfur bacteria and if the strain exhibits 
distinctly different physiological or morphologi- 
cal properties. 

Screening PCR-amplified dispersed repetitive 
DNA sequences (ERIC-fingerprinting) is a rapid 
method which is well suited to distinguish 
between strains with very similar or identical 16S 
rRNA gene sequences (Overmann and Tuschak, 
1997b). 

A type strain must be designated and depos- 
ited in one of the recognized national type cul- 
ture collections, preferably ATCC, DSM, NCBI, 
or NHTC, as required by the International Code 
of Nomenclature of Bacteria (Lapage et al., 
1975). 



Cultivation 

The defined medium for green sulfur bacteria, 
medium GSB, is prepared anoxically as 
described for the sulfate-reducing bacteria and 
contains per liter of distilled water: 

For freshwater strains 
For marine strains 
KH 2 PO 4 0.30 g 

0.30 g 

NH 4 CI 0.34 g 

0.34 g 

KCl 0.34 g 

0.34 g 

CaCb • 2 H 2 O 0.15 g 

0.15 g 
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NaCl — 

20.0 g 

MgS04 • 7H2O 0.5 g 

3.0 g 

After the medium has been autoclaved and 
cooled under an atmosphere of 90% N2/10% 
CO 2 , aliquots of the following stock solution are 



added aseptically: 

Stock solution Added per 

1 of medium 
GSB 

10% (w/w) NaHCOa, saturated with CO2 15 ml 

1 M Na2S ' 9H2O (autoclaved under N2) 2.5 ml 

2 mg vitamin B12 in 100 ml H2O 1 ml 

Trace element solution SL 10* 1 ml 



*SL 10 contains per liter of distilled water: 25% HCl, 
10 ml; FeS04 • 7H20, 2.0g; CoC12 • 6H20, 190 mg; MnC12 
■ 4H20, 100 mg; ZnC12, 70 mg; Na2Mo04 • 2H20, 36 mg; 
NiC12 • 6H20, 24 mg; H3B03, 6 mg; and CuC12 • 2H20, 
2 mg. The FeS04 is dissolved in HCl, and distilled water 
is then added, followed by the other components. 

The final pH of the medium is adjusted to 
6.V-6.8. 

The concentration of sulfide initially present 
in medium GSB yields only a limited amount of 
cell biomass. After oxidation of sulfide and sul- 
fur, cells stop growing and — depending on the 
strain — are rapidly damaged and eventually die. 
Therefore the cultures have to be replenished 
with sterile, neutralized sulfide solution which is 
prepared in a serum vial by neutralizing a stirred 
sodium sulfide solution (60 mM) under a N 2 
atmosphere with 2M sulfuric acid to a pH of 
about 7.2. A convenient device for the prepara- 
tion and long time storage of neutralized sulfide 
solution is described by Siefert and Pfennig, 
1984. 

In addition to the liquid medium, a new 
medium suitable for the growth of green sulfur 
bacteria on agar plates has been designed 
(Wahlund and Madigan, 1995). 

Preservation 

Just after depletion of sulfide and sulfur, most 
stock cultures can be stored for 3-4 months in 
the dark at 4°C. Long term preservation is done 
in nitrogen. Dense cell suspensions of liquid 
cultures are supplemented with DMSO (final 
concentration, 5% v/v) as a protective agent and 
filled into 2-ml plastic ampules, sealed, and 
freeze-stored. Some Chlorobium strains are suc- 
cessfully preserved by lyophilization. 

Physiology 

The photosynthetic apparatus of green sulfur 
bacteria has a particular molecular organization 



(Olson, 1998). Light is absorbed in unique struc- 
tures, the chlorosomes. These ovoid organelles 
are 70 to 180 nm long and 30 to 60 nm wide and 
are attached to the reaction centers in the cyto- 
plasmic membrane. Chlorosomes of the green 
sulfur bacteria contain bacteriochlorophylls c, d, 
or e, small amounts of bacteriochlorophyll a and 
three isoprenoid quinones (I'-oxomenaquinone- 
7, a derivative thereof, and menaquinone-7).The 
chlorosome envelope has a width of 2-3 nm and 
consists of monogalactosyl diglyceride and sev- 
eral polypeptides. Up to 10 different polypep- 
tides can be present (Chung et al., 1994). 
Compared to the light-harvesting complexes in 
photosynthetic species of the a-Proteobacteria, 
(3-Proteobacteria, Heliohacteriaceae, and cyano- 
bacteria, the protein content of chlorosomes is 
tenfold lower such that the chlorosome proteins 
cannot serve as a scaffold for the attachment of 
the antenna bacteriochlorophylls. The functional 
role of the polypeptides CsmA, CsmB, and 
CsmC is not well understood. CsmA represents 
a major fraction of chlorosome proteins. 
Relatively abundant is also CsmB, which seems 
to be a component of the chlorosome envelope 
(Chung and Bryant, 1996) and may be a 
constituent of the chlorosome baseplate (Hpjrup 
et al., 1991). As indicated by insertional inactiva- 
tion studies, CsmA is required for viability, 
whereas cells are capable of growing pho- 
totrophically (albeit slower than the wild type) 
in the absence of CsmC (Chung et al., 1998). 
The current molecular model assumes that 
antenna bacteriochlorophylls are tightly packed 
in a highly aggregated, crystalline state and form 
the (5-10 nm diameter) rod elements which can 
be visualized by electron microscopy inside the 
chlorosomes. Tlius chlorosomes are unique in 
that their structure and function seem to be 
determined by pigment-pigment interactions 
(Blankenship et al., 1995) rather than by pig- 
ment-protein-interactions (Chromatiaceae). 

Unique to the green sulfur bacteria, a small 
water-soluble protein is located between the 
chlorosome and the photosynthetic reaction cen- 
ter. This so-called Fenna-Matthews-Olson FMO- 
protein is trimeric, contains bacteriochlorophyll 
a, and is assumed to pass excitation energy from 
the chlorosome to the reaction center. 

The antenna pigments of green sulfur bacteria 
are the bacteriochlorophylls c, d, or e and 
carotenoids. Green-colored strains contain 
bacteriochlorophyll c or d and the carotenoid 
chlorobactene, and brown-colored strains con- 
tain bacteriochlorophyll e and the carotenoids 
isorenieratene and b-isorenieratene. In the genus 
Chloroherpeton, y-carotene is the main caro- 
tenoid. The absorption maxima of isorenieratene 
and p-isorenieratene are located at 505-520 nm. 
Intracellular concentration of carotenoids in 
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brown-colored strains of green sulfur bacteria 
are up to 4 times higher than those of their green- 
colored counterparts (Montesinos et al, 1983). 
This fact is of significance for the competition 
between the green and brown-colored species of 
Chlorobiaceae and between Chlorobiaceae and 
Chromatiaceae (see Interactions between Dif- 
ferent Groups of Phototrophic Sulfur Bacteria). 
The majority of antenna bacteriochlorophyll 
molecules are farnesol esters. Up to 15 different 
bacteriochlorophyll homologues occur within 
the cells of a single strain of green sulfur bacteria 
(Borrego and Garcia-Gil, 1994) and differ with 
respect to the aliphatic side chains which are 
attached to the tetrapyrrole moity. A higher 
degree of alkylation (with mainly isobutyl or 
neopentyl side chains) occurs during growth at 
low as opposed to high light intensities (methyl, 
ethyl, n-propyl side chains) (Huster and Smith, 
1990). Higher alkylation leads to a red-shift of 
the position of the absorption maximum (van 
Noort et al., 1997). 

The transfer of excitation energy to the 
photosynthetic reaction center results in the 
formation of low redox potential electron carri- 
ers which in turn react readily with molecular 
oxygen to form harmful activated oxygen spe- 
cies. Under oxidizing conditions, energy transfer 
from chlorosomes to the reaction center 
decreases significantly due to the quenching by 
chlorobium quinone which decreases photooxi- 
dative damage (Frigaard et al., 1997). Similarly, 
the formation of oxidized bacteriochlorophyll c 
radicals under oxidizing conditions seems to 
decrease the energy transfer (van Noort et al., 
1997). 

Because each chlorosome contains about 
10,000 molecules of bacteriochlorophyll and is 
energetically connected to only 5 to 10 reaction 
centers within the cytoplasmic membrane 
(Amesz, 1991), the size of the photosynthetic 
antennae of green sulfur bacteria exceeds that of 
Chromatiaceae by one order of magnitude. The 
large size of their antennae is one prerequisite 
for the extreme low light adaptation of the green 
sulfur bacteria (see Ecology; Black Sea). Bio- 
synthesis of bacteriochlorophylls is regulated by 
light intensity. Upon a shift to growth-limiting 
light intensities, an increase in the size 
(Fuhrmann et al., 1993) and the cellular number 
of chlorosomes occurs (Broch-Due et al., 1978; 
Holt et al., 1966) and the cell-specific bacterio- 
chlorophyll content rises by a factor of up to four 
(Overmann et al., 1992). This adaptation increas- 
ing the light-harvesting capacity of the cells of 
green sulfur bacteria. Experiments with axenic 
biofilms of Prosthecochloris aestuarii have pro- 
vided indirect evidence of chromatic adapatation 
of this species. The ratio of bacteriochlorophyll 
a\ bacteriochlorophyll c seems to increase at 



lower light intensities and higher fractions of 
infrared light (Pringault et al., 1998). 

Green sulfur bacteria require about one- 
fourth of the light intensity of the purple sulfur 
bacteria in order to attain comparable growth 
rates (Biebl and Pfennig, 1978). Most strains of 
green sulfur bacteria reach light saturation 
of growth at 5-10 pmol-m“^-s~^ of fluorescent 
light (Bergstein et al., 1979; Overmann et al., 
1991b; Overmann et al., 1992) and are inhibited 
at intensities above 200 pmol-m“^-s“k The strain 
Chlorobium phaeobacterioides MNl which was 
isolated from the chemocline of the Black Sea 
exhibited the most pronounced low light adapta- 
tion known for any phototrophic microorganism 
so far (Overmann et al., 1992). 

Most strains of green sulfur bacteria require 
vitamin B 12 for growth (Pfennig and Lippert, 
1966). In the absence of this vitamin the specific 
bacteriochlorophyll content of the cells is drasti- 
cally reduced and cells are incapable of forming 
chlorosomes (Fuhrmann et al., 1993). 

Photosynthesis: Reaction Center 

The photosynthetic reaction centers are located 
in the cytoplasmic membrane. They are of the 
iron-sulfur-type and thus resemble photosystem 
I of the oxygenic phototrophs and the reaction 
center of Heliobacteriaceae (Olson, 1998), but 
differ from the quinone-type of Chromatiaceae, 
Ectothiorhodospiraceae, and phototrophic 
members of the a-Proteobacteria and (3- 
Proteobacteria. The reaction center contains a 
highly symmetric dimer of bacteriochlorophyll a, 
the primary donor P840, which receives excita- 
tion energy from the chlorosomes via the FMO- 
protein and additional bacteriochlorophyll a 
molecules in the reaction center. 

Upon excitation, the reduced P840 becomes 
a powerful reductant [Eo'(P8407P840*) ~ -1200 
mV] and the electrons are transferred by several 
cofactors, a chlorophyll a isomer (Aq, BChlees), a 
menaquinone-7 (Ai, Kjaer et al., 1998), and 
three iron-sulfur centers (Fx, Fa, Fb) towards the 
cytoplasmic side of the membrane. Because of 
the low redox potential of Fa and Fb (Eq' ~ -540 
mV), the electrons can be directly transferred to 
soluble ferredoxin (Eq' = -410 mV). Ferredoxin 
is the electron donor in the reductive tricar- 
boxylic acid cycle. Furthermore, NAD^ can be 
directly reduced by ferredoxin. Therefore a 
reverse electron flow for NAD^ reduction is not 
necessary, which partially explains the low 
energy requirements of green sulfur bacteria. 
Cyclic photophosphorylation in the green sulfur 
bacteria proceeds like in Chromatiaceae (Brune, 
1989; Drews, 1989). 

Because the standard redox potential of the 
photosynthetic reaction center in its oxidized 
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State is +240 mV, it cannot oxidize water to O2. 
Instead, sulfide (S^/HS“, Eq' = -270 mV), sulfur/ 
polysulfide-sulfur, in some cases thiosulfate (see 
sulfur metabolism) or — in most species (Lippert 
and Pfennig, 1969) — molecular hydrogen serves 
as electron donor of anoxygenic photosynthesis. 
Uptake hydrogenases appear to be membrane- 
bound and probably contain nickel and iron- 
sulfur clusters as do other uptake hydrogenases 
(Gogotov, 1986). Recently, a Chlorohium strain 
has been isolated which is capable of anoxygenic 
photosynthesis with ferrous iron (Fe(OH)3/Fe^^, 
Eo' = -236 mV) as electron donor for photosyn- 
thesis. In noncyclic electron flow, electrons 
removed by reduction of ferredoxin are replaced 
by external electrons transferred from sulfide via 
menaquinone or soluble cytochrome C555 and a 
membrane-bound monoheme cytochrome C557 
on the periplasmic side of the membrane (Meyer 
and Donohue, 1995). As mobile intramembrane- 
ous hydrogen carriers, menaquinones replace the 
ubiquinones of purple bacteria. 

Because of the considerably shorter span in 
redox potential, absorption of only about one 
photon is required per electron transferred to 
CO2. Fixation of 1 mol C in green sulfur bacteria 
requires ~4 (3.S-4.5) mol photons (Brune, 1989); 
thus the quantum yield (mol C assimilated: mol 
quanta absorbed = 0.25) is twice as high as that 
of purple sulfur bacteria (0.12) or oxygenic pho- 
totrophic organisms (maximum, 0.125). 

Sulfur Metabolism 

Sulfide and elemental sulfur are utilized by all 
known isolates of green sulfur bacteria, whereas 
thiosulfate can serve as electron donor in only a 
few strains (Chlorobium limicola f.sp. thiosulf- 
atophilum DSM 249, Chi vibrioforme f.sp. thio- 
sulfatophilum DSM 265, Chi tepidum ATCC 
49652^, Pelodictyon phaeoclathratiforme DSM 
5477^). A soluble homodimeric cytochrome C557 
is involved in thiosulfate oxidation of Chloro- 
bium limicola f.sp. thiosulfatophilum DSM 249 
(Klarskov et al., 1998). Chlorobium limicola f.sp. 
thiosulfatophilum and Chi vibrioforme f.sp. thio- 
sulfatophilum are also capable of sulfur dispro- 
portionation in the absence of CO2 (Paschinger 
et al., 1974, Trfiper et al., 1988). Only Chi vibri- 
oforme f.sp. thiosulfatophilum forms extracellu- 
lar sulfur globules from thiosulfate (Steinmetz 
and Fischer, 1982). Tetrathionate (8406^ ) is uti- 
lized as electron donor by Chlorobium limicola 
f.sp. thiosulfatophilum and Chi vibrioforme f.sp. 
thiosulfatophilum (Brune, 1989). 

Oxidation of sulfide results in the formation of 
sulfur globules (zero valence sulfur). After 
depletion of sulfide, zero valence sulfur is further 
oxidized to sulfate. Chlorobium limicola f.sp. 
thiosulfatophilum and Chi vibrioforme f.sp. thio- 



sulfatophilum form thiosulfate simultaneously to 
elemental sulfur (Truper, 1992), and the thiosul- 
fate formation from sulfide is catalyzed by flav- 
ocytochrome c (Fischer, 1984). None of the green 
sulfur bacteria presently in pure culture are 
known to use sulfite as photosynthetic electron 
donor and sulfite can even inhibit the growth of 
Prosthecochloris aestuarii (Pringault et al., 1998). 
Sulfate formation in Chlorobium is mediated by 
adenylylsulfate reductase (Truper and Peck, 
1970b; Kirchhoff and Truper, 1974), followed by 
cleavage of adenylylsulfate into sulfate and ADP 
or ATP by the enzyme ADP sulfurylase in Chi 
vibrioforme (Truper and Fischer, 1982; Khanna 
and Nicholas, 1983; Bias and Truper, 1987) or 
ATP sulfurylase in Chi limicola (Bias and 
Truper, 1987), respectively. 

The affinity for sulfide of the green sulfur 
bacteria is one order of magnitude higher than 
that of Chromatiaceae (van Gemerden and Mas, 
1995). Growth is inhibited at concentrations of 
5-8 mM (Bergstein et al., 1979, Overmann and 
Pfennig, 1989a, Overmann, 1999a). Green sulfur 
bacteria lack assimilatory sulfate reduction and 
require a reduced sulfur source during growth 
with molecular hydrogen as electron donating 
substrate (Lippert and Pfennig, 1969). 

Carbon Metabolism 

In contrast to Chromatiaceae with which they 
share the anoxygenic phototrophic type of 
metabolism, all known strains of green sulfur 
bacteria grow exclusively photolithoautotrophi- 
cally. Carbon dioxide is fixed by the reductive 
tricarboxylic acid cycle (Fuchs et al., 1980). The 
key enzymes of the cycle are the ferredoxin- 
dependent a-oxoglutarate and pyruvate syn- 
thetases and an ATP-dependent citrate lyase. 
The latter is inhibited by oxaloacetate. All other 
enzymatic steps of the tricarboxylic acid cycle are 
reversible. Compared to the Calvin cycle, less 
ATP are required per molecule CO2 fixed (5 ATP 
for one molecule glyceraldehyde-3-phosphate 
[Brune, 1989] as opposed to 9 ATP in the Chro- 
matiaceae), which, together with the large size of 
their photosynthetic antennae, explains the low 
light adaptation of the family. 

The reductive tricarboxylic acid cycle provides 
the cells with precursors for the biosynthesis of 
cell compounds. As the enzyme a-oxoglutarate 
dehydrogenase is not present and the tricarbox- 
ylic acid cycle can only function in the reductive 
direction, organic carbon compounds cannot be 
oxidized to yield CO2 and reducing power for 
biosynthetic purposes. In the presence of inor- 
ganic reductants and CO2, however, green sulfur 
bacteria are potentially mixotrophic and use 
simple organic carbon compounds (acetate, 
propionate, or pyruvate) for biomass formation. 
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Acetate is incorporated by reductive carboxyla- 
tion, which requires the reducing equivalents 
from sulfide and involves a reduced ferredoxin. 
In the presence of acetate, the biomass yield per 
mol sulfide is increased about threefold, accord- 
ingly (Bergstein et al, 1979). In green sulfur 
bacteria, the affinity for acetate is one order of 
magnitude lower than that in the Chromatiaceae 
(van Gemerden and Mas, 1995). 

The enzymes involved in the C02-fixation in 
the reverse tricarboxylic acid cycle discriminate 
only slightly against heavy carbon isotopes as 
compared to the enzymes of the Calvin cycle 
(Sirevag et al., 1977b). This fact is of prime sig- 
nificance for paleoecological investigations of 
marine sediments and sedimentary rocks, where 
molecular fossils of green sulfur bacteria indicate 
past anoxia of certain ocean basins (Green Sul- 
fur Bacteria during Geological Time Scales). 

In the presence of excess carbon substrates 
and light energy, but limiting amounts of inor- 
ganic nutrients like ammonium and phosphate, 
green sulfur bacteria synthesize glycogen which 
is deposited intracellularly as non membrane- 
bound granules. During incubation in the dark, 
polyglucose is oxidized and excretion of its deg- 
radation products acetate, propionate, caproate, 
and succinate occurs (Sirevag and Ormerod, 
1977a). 

Nitrogen Metabolism 

Although the best nitrogen source for growth is 
the ammonium ion, the majority of strains of the 
green sulfur bacteria are capable of nitrogen 
fixation (Hallenbeck, 1987; Vignais et al., 1985). 

Genetics 

The size of the total genome in strains of the 
genus Chlorobium varies between 1,435 and 
3,342 kilo base pairs (Mendez-Alvarez et al., 
1996). Some 34 genes of green sulfur bacteria, 
mostly from Chlorobium vibrioforme, have 
been sequenced (Shiozawa, 1995). Aside from 
the 16S rRNA genes, most of these genes code 
for enzymes and polypeptides involved in 
photosynthesis. 

Only one gene for the large reaction center 
polypetide PscA has been detected, which corre- 
sponds to the homodimeric structure of the reac- 
tion center of green sulfur bacteria. As expected, 
pscA shows sequence homology with the genes 
of Fe-S-type reaction centers in other photosyn- 
thetic bacteria. The polypeptide which contains 
the two FeS-cofactors FA and FB of the reaction 
center is coded by pscB which together with 
pscA forms a bicistronic unit. The gene of the 
cytochrome subunit of the reaction center, p^cC, 



does not exhibit significant similarities with other 
genes coding for cytochrome subunits. 

Of the genes coding the chlorosome polypep- 
tides, csmC and csmA form the csmCA operon, 
whereas csmB is transcribed as a monocistron 
(Shiozawa, 1995). 

Another operon contains three genes encod- 
ing enzymes of bacteriochlorophyll synthesis, 
hem A (glutamyl-tRNA reductase; Majumdar 
and Wyche, 1997), hemC (coding porphobilino- 
gen deaminase; Majumdar and Wyche, 1997), 
and hemD (uroporphyrinogen III synthase). As 
a special feature, the 3'-region following the ter- 
mination codon of each of the genes contains 
d A/dT-rich DNA stretches. In addition, hem A is 
followed by a potential adenylation signal and 
represents the first example for the occurrence 
of this typical eukaryotic feature in a bacterial 
genome (Shiozawa, 1995). 

The limited data concerning the transcription 
start signals show that transcripts contain 
sequence motifs that are quite similar to the 
Escherichia coli consenus promotor sequence 
(TTGACA-17bp-TATAAT) (Chung and 
Bryant, 1996). Chlorobium tepidum contains 
only one group 1 sigma factor of the family 
(Gruber and Bryant, 1998a). In the same species, 
an AT-rich spacer region occurs between the -35 
and -10 recognition sites in the promoter regions 
of several genes (Gruber and Bryant, 1998a) and 
may act as an additional promotor element. 
Transcription of the genes in green sulfur 
bacteria in most cases seems to be terminated by 
rho-independent stemloop structures. Charac- 
teristically, stemloops often begin with a stretch 
of 6 or 7 deoxy adenosines and with 4-7 deox- 
ythymidines (Chung and Bryant, 1996; Gruber 
and Bryant, 1998a). 

Chlorobium limicola strain 8327 exhibits a 
natural competence for intrastrain genetic trans- 
formation with chromosomal DNA (Ormerod, 
1988). However, DNA extracts of this strain 
did not transform other Chlorobium strains. 
Similarly, transfer of an endogeneous plasmid 
which confers the ability to utilize thiosulfate has 
been demonstrated for Chlorobium limicola 
(Mendez-Alvarez et al., 1994). However, foreign 
DNA has been successfully introduced into 
Chlorobium vibrioforme by electroporation and 
was integrated into the genome by homologous 
recombination (Kjaerulff et al., 1994). A conju- 
gation system for genetic studies of the thermo- 
philic Chlorobium tepidum strains WT2321 and 
Nal-1 has been established which permits genetic 
analysis of gene expression and regulation 
directly within a green sulfur bacterium 
(Wahlund and Madigan, 1995). Two broad-host- 
range IncQ group plasmids can be transferred by 
conjugation from E. coli to Chi tepidum. The 
latter species is especially well-suited for genetic 
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studies because of its short generation time of 
2 h. As another prerequisite for molecular 
genetic studies, a new medium for the growth of 
green sulfur bacteria on agar plates has been 
designed (Wahlund and Madigan, 1995). 



Ecology 

Limiting Factors 

Accumulations of green sulfur bacteria are posi- 
tioned in the narrow zone of overlap between the 
opposing gradients of light and sulfide. In gen- 
eral, anoxygenic photosynthesis is limited by the 
availability of light (van Gemerden and Mas, 
1995). In lakes, the light intensity available for 
anoxygenic photosynthesis is determined by the 
absorption of light in the water layers above the 
chemocline. Morphology and physicochemical 
factors like the density differences between 
water layers and wind-induced water currents 
determine the vertical position of the 
chemocline. Absorption of light in oxic water 
layers is high in eutrophic lakes and mediated by 
phytoplankton, whereas in dystrophic lakes light 
absorption is mainly due to the high concentra- 
tions of humic substances (Parkin and Brock, 
1980). In general, the biomass density of green 
sulfur bacteria is inversely correlated with their 
depth in the environment and the thickness of 
the bacterial layer and reaches up to 120,000 qg 
bacteriochlorophyll-L“^ in benthic microbial 
mats (1 mm thin; Pierson et al.,1987), an 
average of 600 qg bacteriochlorophyll-L“^ in 
lakes, but only 0.94 pg bacteriochlorophyll-L^^ in 
the deepest anoxygenic phototrophic community 
which extends from 68 to 98 m depth in the Black 
Sea (Repeta et al., 1989). However, the physico- 
chemical environment of green sulfur bacteria 
may be more dynamic not only in microbial mats 
but also in some lakes. For example, temporary 
exposure of the phototrophic bacteria to higher 
light intensities occurs during the daily lift up 
of the chemocline by internal seiches in Lake 
Kinneret and may explain the growth of 
Chlorohium phaeohacteroides in the chemocline 
despite of the prevailing very low light intensities 
(Bergstein et al., 1979). 

The major factor determining the species com- 
position of green sulfur bacteria in natural habi- 
tats is the spectral composition of underwater 
light. In lakes where the chemocline is located at 
greater depths (>9 m) and in eutrophic lakes, the 
selective absorption of light by phytoplankton 
and water results in a progressive narrowing of 
the spectrum such that only light in the blue- 
green to green wavelength range is available for 
anoxygenic photosynthesis. The brown-colored 
forms of green sulfur bacteria which contain 



high intracellular concentrations of the light- 
harvesting carotenoids isorenieratene and (3- 
isorenieratene have a selective advantage under 
these conditions (Montesinos et al., 1983). In 
contrast, green-colored species dominate under- 
neath populations of purple sulfur bacteria 
(Interactions between Different Groups of 
Phototrophic Bacteria) or in dystrophic lakes 
(Parkin and Brock, 1980), where light of the blue 
(450 nm) or red (700 nm) wavelength range pre- 
vails, respectively. 

Gas vesicle formation occurs in six of the 
fourteen described species. Green sulfur bacteria 
in pelagic microbial communities frequently 
contain gas vesicles (Caldwell and Tiedje, 1975; 
Clark and Walsby, 1978). In Pelodictyon phaeo- 
clathratiforme DSM 5477^, gas vesicle formation 
is induced exclusively at low light intensities 
(Overmann et al., 1991a). Given the low light 
intensities in most of their habitats, the growth 
rates of green sulfur bacteria are low. Gas vesi- 
cles are of selective advantage because they 
reduce the buoyant density of the cells and 
thereby minimize the loss of cells by sedimenta- 
tion into dark bottom layers. However, unlike 
cyanobacteria, diurnal migrations by means of 
rapid changes in cellular gas vesicle content have 
not been observed so far for the green sulfur 
bacteria (Parkin and Brock, 1981). 



Interactions between Different Groups of 
Phototrophic Sulfur Bacteria 

Green sulfur bacteria and Chromatiaceae are 
both photolithoautotrophic and employ reduced 
sulfur compounds as electron donating sub- 
strates for anoxygenic photosynthesis. However, 
green sulfur bacteria are capable of using signifi- 
cantly lower light intensities for photosynthetic 
growth (see Physiology), and their maintenance 
energy requirements are significantly lower 
than those of the Chromatiaceae (Veldhuis and 
van Gemerden, 1986; Overmann et al., 1992). 
Unlike many Chromatiaceae, green sulfur bacte- 
ria cannot grow chemotrophically with molecu- 
lar oxygen as the terminal electron acceptor and 
cannot use organic carbon compounds as photo- 
synthetic electron donors. Because of these dif- 
ferences in their ecological niches, green sulfur 
bacteria often thrive below layers of Chromati- 
aceae (Caldwell and Tiedje, 1975; Gorlenko and 
Kuznetsov, 1971a; Overmann et al., 1998); how- 
ever, both groups show some overlap. Light pen- 
etrating the layers of purple sulfur bacteria has 
its maximum intensity at 420-450 nm, coinciding 
with the short wavelength absorption maximum 
of bacteriochlorophylls c and d (see “Identifica- 
tion”). As a consequence, green-colored forms of 
the green sulfur bacteria accompany Chromati- 
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aceae in the natural environment (Montesinos et 
al, 1983). Although absorption of light by Chro- 
matiaceae in upper water layers limits the light 
energy which can be harvested by green sulfur 
bacteria below, the photooxidation of sulfide by 
the low-light adapted green sulfur bacteria in 
turn may limit the diffusive flux of sulfid into the 
layers of purple sulfur bacteria. 

However, syntrophic interactions also occur 
between the two groups of phototrophic sulfur 
bacteria, as exemplified by cocultures of Chloro- 
bium limicola and Chromatium vinosum. These 
positive interactions are based on the oxidation 
of sulfide to zero valence sulfur by the green 
sulfur bacterium and the subsequent oxidation of 
sulfur to sulfate by the purple sulfur bacterial 
partner (van Gemerden and Mas, 1995). At lim- 
iting sulfide concentrations, Chi limicola has a 
selective advantage due to its higher affinity (see 
Physiology), but the oxidation of the generated 
sulfur is inhibited in the presence of sulfide. The 
extracellular sulfur formed by the green sulfur 
bacterium abiotically reacts with sulfide to form 
polysulfides, which then can be used instante- 
neously by Chr. vinosum. Syntrophic interactions 
of this kind may be one major reason for the 
coexistence of purple and green sulfur bacteria, 
which is frequently observed in the natural 
habitat. 

Interactions with Chemotrophic Bacteria 

Stable associations between green sulfur bacteria 
and sulfur- or sulfate-reducing bacteria can be 
established in laboratory cocultures (Pfennig, 
1980; Warthmann et al., 1992). As for the inter- 
actions between different groups of pho- 
totrophic sulfur bacteria such associations are 
based on the exchange of inorganic sulfur com- 
pounds. In this case, however, a closed sulfur 
cycle is established: sulfide is oxidized photosyn- 
thetically to sulfur or sulfate which in turn are 
utilized by the chemotrophic partner bacterium. 
Due to the extensive recycling of inorganic sulfur 
compounds, sulfur syntrophy can proceed even 
at trace concentrations of reduced sulfur com- 
pounds. Ultimately, the cycling of sulfur is fueled 
by the oxidation of organic carbon substrates 
and light. 

One of the outstanding features of the green 
sulfur bacteria is their participation in highly 
specialized symbiotic associations with other 
bacteria, the phototrophic consortia. These mor- 
phologically conspicuous and yet still enigmatic 
structural associations of green sulfur bacteria 
and chemotrophic bacteria occur in the pelagial 
of many freshwater habitats. The regular struc- 
ture of phototrophic consortia is unique in the 
microbial world such that they can be distin- 
guished from other cell aggregates by light 




Fig. 3. Phase contrast photomicrograph of the bacterial com- 
munity found in the chemocline of a little eutrophic hard- 
water lake (Lake Dagow; Overmann et al., 1998). A major 
fraction of phototrophic sulfur bacterial cells is found in the 
phototrophic consortium '' Pelo chromatium roseum'" (arrow). 
In addition, Thiopedia rosea (flat sheaths of eight cells) and 
multicellular filaments of Chloronema spp. (center) are 
observed. Bar, 20 pm. (Courtesy of Jens Glaeser.) 

microscopy (Fig. 3, 4). Presently, seven different 
types of phototrophic consortia are known 
(Fig. 5). In Chlorochromatium aggregatum'' 
(Lauterborn, 1915; Chloronium mirahile, Buder, 
1914), “C. glebulum'' (Skuja, 1957), “C. lunatum'' 
(Abella et al., 1998), ‘'Pelochromatium roseum'' 
(Lauterborn, 1914), “F! roseo-viridC' (Gorlenko 
and Kusnezow, 1972), and “F! selenoides'' 
(Abella et al., 1998), the cells of green sulfur 
bacteria form a regular array around a central 
colorless bacterial cell (Fig. 6). “C. aggregatum'' 
and “F! roseum'' contain up to 24 epibionts, the 
other associations up to 69. Epibionts in “Chlo- 
rochromatium'' are green, whereas those in 
‘'Pelo chromatium'' are brown-colored. ‘'Chlo- 
roplana vacuolata" (Dubinina and Kusnezov, 
1976) has a different structural arrangement and 
consists of parallel rows of alternating green and 
colorless bacteria. These platelets comprise up to 
400 green cells and are immotile. ‘‘Cylindrogloea 
bacterifera" is an association of a colorless fila- 
mentous bacterium covered with a slime layer in 
which green sulfur bacteria are embedded 
(Perfiliev, 1914; Skuja, 1957). According to bac- 
terial nomenclature, all of the above binominal 
names are without taxonomic significance and 
are therefore given in quotation marks only 
(Truper and Pfennig, 1971). 

The number of epibionts per central bacte- 
rium in “C. aggregatum" and “F! roseum" is 
rather constant and all epibionts have the same 
size. This indicates that all epibionts and the 
central bacterium must divide synchronously 
(Overmann et al., 1998). “C. aggregatum" accu- 
mulates at 740 nm in the light, corresponding to 
the wavelength of the absorption maximum of 
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Fig. 4. Phase contrast photomicrographs of samples from the chemocline of a small eutrophic hardwater lake (Lake Dagow; 
Overmann et al., 1998). A) Untreated sample (bar is the same as for B). B) Same sample, but squash preparation of several 
''Pelochromatium roseum” consortia and one green consortium (arrow; note that gas vacuoles can be discerned in some of 
the epibiont cells). C) Sample containing globular green consortia (arrow) in which epibionts are arranged in loose unordered 
fashion as compared to “P roseumP Bars, 10 pm (taken from Overmann et al., 1998). 



the bacteriochlorophyll present in the epibionts. 
As only the colorless central bacterium is flagel- 
lated, a rapid signal transduction must therefore 
occur between the light-sensitive epibionts and 
the central bacterium. Based on their 16S rRNA 
gene sequences, the epibionts in ‘'Chloro- 
chromatium aggregatum'' “C. glehulum'' and 
‘‘Pelochromatium roseum'' are phylogenetically 
different from all known phylotypes of green 
sulfur bacteria. Phototrophic consortia there- 
fore seem to be highly specialized symbiotic 
associations. In symbiosis, green sulfur bacteria 
attain the ecologically significant capacity to 
respond to different light intensity, as do the 
motile Chromatiaceae (Pfennig, 1980). 

Interestingly, “C. aggregatum'' exhibits a 
chemotaxis toward 2-oxoglutarate, citrate, sul- 
fide, and thiosulfate, while the typical carbon 
substrates of green sulfur bacteria (acetate, 
propionate, pyruvate) do not act as chemoattrac- 
tants (Frostl and Overmann, 1998). It has been 
suggested that the central bacterium of the 
phototrophic consortia is a sulfate- or sulfur- 
reducing bacterium (Kuznetsov, 1977; Pfennig, 
1980). Based on the results of in situ- 
hybridization with group-specific oligonucle- 
otides probes, the central bacterium does not 
belong to the 5-subgroup of the Proteohacteria 
and therefore does not represent a classical sul- 
fate- or sulfur-reducing bacterium. 

An antagonistic relationship of green sulfur 
bacteria has been described with the Gram- 
negative bacterium Stenotrophomonas malto- 
philia. This chemotrophic bacterium causes 
growth inhibition zones on cell lawns of several 
Chlorobium species (Nogales et al., 1997), in 
which green sulfur bacterial cells are lyzed and 
form ghosts. This anatagonism is non-obligatory 



and not limited to green sulfur bacteria as the 
hosts. 

Ecological Significance 

Green sulfur bacteria can reach high biomass 
densities (up to 4000 pg bacteriochlorophyll-L“\ 
van Gemerden and Mas, 1995) in some lakes and 
contribute up to 83% of total primary produc- 
tion (Culver and Brunskill, 1969). Because anox- 
ygenic photosynthesis is indirectly fueled by 
carbon that has previously been fixed by oxy- 
genic phototrophs, the production of green sul- 
fur bacteria represents a net biomass input only 
in those aquatic ecosystems where the anaerobic 
food chain and thus sulfide production are driven 
by the degradation of allochthonous organic car- 
bon (Overmann, 1997a). Exceptions are geother- 
mal springs, in which the sulfide is of geological 
origin and anoxygenic photosynthesis represents 
true primary production. 

Green Sulfur Bacteria during Geological 
Time Scales 

With the exception of the Black Sea, the habitats 
of green sulfur bacteria known today represent 
rather small bodies of water, mainly stratified 
lakes, coastal lagoons or fjords. However, isore- 
nieratene and its degradation products have 
been discovered in Devonian sedimentary rocks 
(Hartgers et al., 1994), Miocene evaporites 
(Kohnen et al., 1992) and eastern Mediterranean 
sapropel sediments of the Pliocene (Passier et 
al., 1999) which originally were located at the 
bottom of much larger oceanic basins. Isorenier- 
atene seems to occur solely in green sulfur bac- 
teria. These bacteria fix CO 2 in the reverse 
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“Chlorochromatium glebulum” 









“Chlorochromatium lunatum” 



“Pelochromatium selenoides” 



Fig. 5. Schematic representation of 7 different morphological types of motile phototrophic consortia. Left part depicts light 
microscopic appearance of the different types. Bar is 1 pm. In the right part of the figure, the central cell represents the 
unknown chemotrophic bacterium. White epibiont cells indicate green-colored, shaded epibiont cells the brown-colored 
forms of green sulfur bacteria. Irregular central area indicates the presence of gas vesicles in epibionts. One morphological 
type has yet to be described (question mark). (Modified after Pfennig, 1980, and Abella et al., 1998.) 



tricarboxylic acid cycle which leads to organic 
carbon anomalously enriched in Indeed 
isorenieratene and its degradation products are 
enriched by 12-24% in in the geological sam- 
ples. Consequently, these molecular fossils have 
been taken as evidence that a large portion of 
the water column in major oceanic basins con- 
tained sulfide and extended into the photic zone. 
The Black Sea may represent a model ecosystem 
for such euxinic (restricted circulation leading to 
oxygen depletion) states of larger ocean basins 
during geological time scales. Anoxia of the bot- 



tom photic zone even seems to have occurred 
in the open North Atlantic Ocean during the 
Cenoman/Turon (i.e. up to 100 Mio years ago) 
(Sinninghe Damste and Koster, 1998). 

Applications 

Green sulfur bacteria may be used for the 
removal of obnoxious smells of the toxic hydro- 
gen sulfide during anaerobic waste treatment 
(Kobayashi et al., 1983). Cork and Cusanovich 
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Fig. 6. Bacterial cells from the 
chemocline of a small eutrophic hard- 
water lake (Lake Dagow; Overmann 
et al., 1998) concentrated on a poly- 
carbonate filter, stained with DAPI 
and hybridized with Cy 3-labeled 
probe GSB-532. A) DAPI fluores- 
cence. B) Fluorescence of Cy 3- 
labeled probe GSB-532, showing the 
phylogenetic affiliation of the epi- 
bionts of “Pelochromatium roseum'’ 
with the Chlorobiaceae. Bar, 10 pm. 



(1979) presented a process for the continuous 
disposal of sulfate by a mutual bacterial system 
consisting of Desulfovibrio desulfuricans and 
Chlorohium limicola. A system has been devel- 
oped for the formation of elemental sulfur and 
organic carbon (biomass) from acid gas (contain- 
ing H 2 S and CO 2 ) which employs Chi limicola as 
a biocatalyst (Cork, 1982a; Cork and Ma, 1982b; 
Cork et al., 1983; Cork et al, 1985). This repre- 
sents an alternative to the Claus desulfuration 
process used in cleaning sour natural gases. 
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Introduction to the Bacteroides 

The genus Bacteroides contains Gram- 
negative, nonsporeforming, nonmotile, 
anaerobic rods generally isolated from the 
gastrointestinal tract (Gl-tract) of humans and 
animals. Up until about 12 years ago the genus 
was quite diverse and included nearly every 
organism that fit this generalized description. In 
1989, however, the genus was formally restricted 
to include only those organisms that are closely 
related to the type species, Bacteroides fragilis, 
resulting in a group that is much more biochem- 
ically and genetically cohesive (Shah and Collins, 
1989). This group is now comprised of what were 
previously B. fragilis subspecies plus a few 
additional newly recognized species. The genus 
includes Bacteroides fragilis, B. thetaiotaomicron, 
B. ovatus, B. uniformis, B. vulgatus, B. distasonis, 
B. eggerthii, B. caccae, B. merdae and B. stercoris 
(Shah and Collins, 1989). 

This narrowed description of the Bacteroides 
has resulted in a genus in which all of the recog- 
nized species have some role in human or animal 
health. These organisms are generally isolated 
from human hosts as members of the normal 
microfiora, and in fact Bacteroides spp. are the 
predominant organisms in the human colon. As 
members of the indigenous fiora, they play a 
variety of roles that contribute to normal intes- 
tinal physiology and function. These include ben- 
eficial roles such as polysaccharide breakdown 
or nitrogen cycling, as well as other functions 
that may be disadvantageous such as the rapid 
deconjugation of bile acids or the production 
of mutagenic compounds (Macy, 1984; Salyers, 
1984). Another important aspect of Bacteroides 
biology is their pathogenic potential. In this 
regard, several of the species including the type 
species, B. fragilis, are important opportunistic 
pathogens and the most frequently isolated 
organisms from anaerobic infections (Finegold 
and George, 1989). Thus it is clear that the 
Bacteroides spp. display a range of complex 
interrelationships with their animal hosts. It is 
the host-commensal or host-parasite interactions 
that define this group of organisms. In the follow- 



ing sections we will focus primarily on those 
characteristics that contribute to their successful 
colonization of mammals. Unfortunately, most 
serious research on the Bacteroides has focused 
on B. fragilis and B. thetaiotaomicron owing to 
their prominence in human infection and in the 
indigenous microfiora. Much of the discussion in 
this chapter will necessarily describe the results 
of this work; however, these two organisms do in 
fact embody many of the features responsible for 
the success of the Bacteroides genus in its envi- 
ronment, and in this regard they have proven to 
be suitable model systems. 



Phylogeny and Taxonomy 

On the basis of the comparative analysis of 
16S rRNA gene sequences, members of the 
genus Bacteroides form a coherent phyloge- 
netic cluster within the Cytophaga-Flexibacter- 
Bacteroides (CFB) phylum (Paster et al., 1994; 
Fig. 1). According to the Bergeys Manual of 
Systematic Bacteriology, edition (Garrity, 
2001) this bacterial phylum or group is referred 
to as the Bacteroidetes phylum (see the 
Bergeys website). The genus Bacteroides falls 
within the family Bacteroidaceae of the pro- 
posed Order “Bacteroidales” of the proposed 
Class “Bacteroidetes.” Those species shown in 
the figure include cultivable and not-yet- 
cultivated species of Bacteroides in addition to 
representatives of closely related genera, such 
as Porphyromonas, Prevotella and misclassified 
species of Bacteroides (Olsen and Shah, 2001). 
It had been suggested previously that the two 
oral species, B. heparinolyticus and B. zoogleo- 
formans, be members of the genus Prevotella', 
however, on the basis of 16S rRNA sequence 
analysis, it has been recommended these 
species be reinstated as true members of the 
Bacteroides (Olsen and Shah, 2001). Most of 
the known species and unclassified strains have 
been isolated from the human intestine or oral 
cavity; however, a few have been isolated from 
animal sources. For example, B. acidifaciens 
was isolated from the mouse cecum (Miyamoto 
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Fig. 1. Phylogeny of the genus Bacteroides. On the basis of 
16S rRNA gene sequence comparisons, the phylogenetic 
position of known species, uncharacterized strains, and not- 
yet-cultivated phylotypes of Bacteroides is shown relative to 
other genera of family Bacteroidaceae. Misclassified species 
of Bacteroides are bracketed since they are clearly not true 
members of the genus. GenBank accession numbers for the 
16S rRNA sequences of the species tested are shown. Simi- 
larity matrices were corrected for multiple base changes by 
the method of Jukes and Cantor (1969). The neighbor-joining 
method (Saitou and Nei, 1987) was used for phylogenetic 
tree construction. TREECON, a software package for the 
Microsoft Windows environment, was used for the construc- 
tion and drawing of evolutionary trees (Van de Peer and De 
Wachter, 1994). The scale bar represents a 5% difference in 
nucleotide sequence determined by taking the sum of all of 
the horizontal lines connecting two species. Vertical distance 
has no meaning. 



and Itoh, 2000), and B. ovatus and B. thetaio- 
taomicron were isolated from the bovine rumen 
(GenBank accession numbers AF139524 and 
AF139525, respectively). 

In addition to cultivable species of Bacteroi- 
des, novel phylotypes, i.e., species that have not 
yet been cultivated in vitro, were detected by 
phylogenetic analysis of 16S rRNA genes ampli- 
fied from DNA isolated from the human intes- 
tine (Suau et al, 1999; Hold et al, 2002), the 
human oral cavity (Paster et al, 2001), and the 
swine intestine (Lesser et al, 2002). Most of 
these phylotypes, designated as clones, cluster 
together with other members of the genus (Fig. 
1). Some phylotypes, e.g., oral clone X083 and 



swine clone OTU-28, fall just outside the cluster. 
Another culture-independent study demon- 
strated the presence of a Bacteroides ovatus-\\kQ 
phylotype from the cecum of chickens (not 
included in Fig. 1 since it was not a complete 
sequence; Zhu et al., 2002). Although many 
members of the CFB group have been recovered 
from the hindgut of the termite, no true Bacteroi- 
des have been detected thus far from that envi- 
ronment (Ohkuma et al., 2002). 

Although the Bacteroides clearly form a dis- 
tinct cluster on the basis of 16S rRNA sequences, 
early DNA homology studies established that 
there was only minimal DNA identity between 
the major species (Johnson, 1978a). For example, 
B.fragilis shares 21-36% identity with B. thetaio- 
taomicron, 13-22% with B. ovatus, 21% with 
B. uniformis, 18% with B. eggerthii, 5-10% with 
B. vulgatus, and 5% with B. distasonis. Similar 
ranges have been observed between the other 
species as well. Even with this DNA sequence 
variability, the morphological and general meta- 
bolic properties of the genus are relatively uni- 
form as can be seen in these brief descriptions 
of the major species (Holdeman et al., 1986). 
Bacteroides fragilis is the type species; it is the 
most frequently isolated anaerobe from clinical 
specimens, and it also is found in feces. A variety 
of sugars are fermented, but polysaccharide 
digestion is limited. Glucose grown cultures yield 
cells that are 0.8-1.3 by 1. 6-8.0 pm, are rounded 
at the ends, often occur in pairs, and frequently 
contain large vacuoles. On the surface of horse 
blood agar plates, colonies are 1-3 mm, circular, 
entire, low convex, and semiopaque, and hemol- 
ysis is rare. Bacteroides fragilis cells are very 
aerotolerant, growth is enhanced by 20% bile, 
and hemin is required for normal, optimal 
growth. Bacteroides thetaiotaomicron is more 
frequently isolated from feces than from clinical 
samples. A wide range of sugars is fermented, 
and this is one of the more versatile organ- 
isms with regard to polysaccharide digestion. 
Glucose-grown cells are pleomorphic, 0.7-1. 1 by 
1. 3-8.0 pm. Cells are aerotolerant and surface 
colonies on blood agar plates are punctiform, 
circular, entire, convex, semiopaque, and not 
hemolytic. Hemin and bile stimulation are simi- 
lar to B. fragilis. Bacteroides vulgatus will fer- 
ment a range of sugars but is restricted in 
its polysaccharide use, similar to B. fragilis. It 
produces slightly smaller cells in glucose broth. 
Colonies on blood agar plates are 1-2 mm, 
circular, entire, convex, semiopaque, and not 
hemolytic. Hemin is required and bile stimulates 
growth. Bacteroides vulgatus is one of the most 
frequent isolates from feces but rarely is found 
in clinical samples. Bacteroides uniformis is a 
frequent stool isolate, but it sometimes is found 
in clinical specimens. The organism is a versatile 
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sugar fermenter and will degrade a range of 
polysaccharides. Glucose-grown cells are some- 
what more slender than B. fragilis, and colonies 
on the surface of blood agar plates are only 0.5- 
2.0 mm, circular, entire, low convex, translucent, 
and generally not hemolytic. Bile is not stimula- 
tory, hemin is required, and cells are somewhat 
less aerotolerant. Bacteroides ovatus uses a wide 
range of sugars and it is the most versatile 
polysaccharide fermenter. Bacterides ovatus is 
rarely isolated from clinical samples but is a com- 
mon inhabitant of the colon. Cells taken from 
glucose broth are generally more rounded than 
B. fragilis and only range in size from 0.6-0.8 by 
1. 6-5.0 pm. Bacteroides ovatus is not hemolytic 
on sheep blood and colonies are 0.5-1. 0 mm, 
circular, entire, convex, and semiopaque. This 
organism requires hemin for normal growth and 
bile is stimulatory. Bacteroides eggerthii is not a 
common clinical isolate but is often found in 
feces. Hemin stimulates growth but to a much 
lesser extent than seen in other Bacteroides spp. 
Cells from broth cultures are 0.4-1. 0 by 1.0- 
1.6 pm, and surface colonies on blood agar plates 
are punctiform, circular, entire, convex, translu- 
cent, smooth and not hemolytic. Finally, B. dista- 
sonis is one of the most common fecal isolates 
and an infrequent isolate from clinical speci- 
mens. Bacteroides distasonis does not utilize 
many plant polysaccharides, although it does 
have the ability to ferment a wide range of sug- 
ars. Twenty percent bile is highly stimulatory and 
hemin is required for optimal growth. Glucose- 
grown cells are 0.6-1. 0 by 1.6-11.0 pm with 
rounded ends and occasional vacuoles. Strains 
are occasionally a-hemolytic on sheep blood 
agar plates, and colonies are pinpointed to 
0.5 mm, circular, entire, convex and semiopaque. 

Physiology and Metabolism 

Nutritional Features 

The Bacteroides have simple nutritional require- 
ments that reflect their environment. Most of the 
species can be grown on a deflned medium con- 
taining a fermentable carbohydrate, hemin, vita- 
min Bi 2 , ammonia, carbon dioxide, and sulfide, 
all of which are plentiful in the colon in some 
form. As discussed in the section on Polysaccha- 
ride Utilization, a wide variety of mono-, di-, and 
polysaccharides serve as carbon and energy 
sources, and together with carbon dioxide, they 
provide all of the carbon requirements for the 
cell. Nitrogen requirements are minimal, with 
ammonia serving as the preferred nitrogen 
source for all of the species (Varel and Bryant, 
1974). Ammonia is plentiful in the colon since it 
is a product of urea cycling and a byproduct of 
protein/amino acid catabolism. Amino acids, on 



the other hand, are not present at high concen- 
trations in the colon, and they are not utilized as 
the sole source of nitrogen. It may be that amino 
acid transport is not sufficient to supply the 
needs for cellular nitrogen, or the yield of ammo- 
nia from amino acid catabolism is below levels 
the organisms can optimally assimilate. An 
apparent paradox is that B. fragilis has the ability 
to utilize a mixture of peptides for nitrogen; 
however, the peptides are not utilized as 
efficiently as ammonia. Even when provided at 
fivefold higher molar concentrations, they only 
support about 35-70% of the growth yield 
observed with ammonia. Likewise, proteins such 
as gelatin or trypticase only allow about 20% of 
the growth yields seen when B. fragilis is grown 
with ammonia. It is not known whether the other 
Bacteroides spp. can utilize peptides. No other 
nitrogen sources such as nitrate or urea can be 
utilized by these organisms (Varel and Bryant, 
1974). 

Sulfur sources for the Bacteroides are typically 
reduced compounds such as sulfide, cysteine, 
and, to a lesser extent, thioglycolate. Sulfate, 
sulfite, thiosulfate, p-mercaptoethanol, or 
methionine is not used (Varel and Bryant, 1974). 
The requirements for other inorganic ions has 
been examined, and the needs proved to be fairly 
typical with Na^, K^, P 04 ~^, Ca^^, and Mg^^ being 
required for optimal growth of B. fragilis and 
B. vulgatus (Caldwell and Arcand, 1974). It was 
interesting to note that both B. fragilis and B. 
thetaiotaomicron displayed a requirement for 
Fe^^ above what was provided by hemin. With 
the possible exception of B. ovatus, the only 
vitamin required by the Bacteroides spp. is B 12 . 
The requirement for B 12 was substituted by 
methionine, but other potential methyl donors 
such as betaine, choline, or dimethylacetothetin 
were not effective replacements, suggesting a 
specific need for B 12 in methionine biosynthesis. 
Bacteroides ovatus also required B 12 , but the 
requirement was not replaced by methionine, 
and a strain of B. distasonis had a methionine 
requirement that was not replaced by B 12 (Varel 
and Bryant, 1974). 

All of the Bacteroides spp. require hemin for 
optimal growth. This requirement has been the 
subject of a number of studies, some of which 
have indicated an essential growth requirement 
for hemin (or closely related compounds), but 
the majority have shown that hemin greatly 
stimulates both growth rate and yield (Varel and 
Bryant, 1974; Sperry et al., 1977; Chen and 
Wolin, 1981; Fuller and Caldwell, 1982; Al-Jalili 
and Shah, 1988). Although there may be some 
strain-to-strain variation, B. fragilis and B. 
vulgatus both can substitute protoporphyrin, 
hematoporphyrin, and hemoglobin for hemin 
with little effect on growth, and catalase can par- 
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tially substitute for hemin (Fuller and Caldwell, 
1982). Tetrapyrrole precursors were of little ben- 
efit and did not effectively replace hemin (Sperry 
et al., 1977; Fuller and Caldwell, 1982). In the 
absence of hemin, growth yields of B. fragilis are 
greatly reduced, but the organisms can be main- 
tained in chemostats for weeks without added 
hemin. Cells grown in this manner were similar 
morphologically to hemin-grown cells, but they 
did lack the b-type cytochrome and there was a 
shift in fermentation products (Al-Jalili and 
Shah, 1988). Other reports have also linked the 
synthesis of a b-type cytochrome to the hemin 
requirement (Fuller and Caldwell, 1982). These 
studies have documented the importance of 
heme for the synthesis of cytochrome b and for 
optimal growth. More information on the spe- 
cific role of cytochrome b in energy generation 
will be presented in the section on Sugar Catab- 
olism and Fermentation Pathways. Hemin utili- 
zation mechanisms have not been elucidated in 
any Bacteroides spp. yet, but in B. fragilis there 
is a 44-kDa outer-membrane protein involved in 
the uptake. This protein is iron repressible, and 
blocking studies using a polyclonal antibody 
raised against this protein inhibited hemin- 
dependent growth (Otto et al., 1990). Thus there 
is evidence for a specific hemin uptake system 
that is at least in part iron responsive. This will 
be addressed further during a discussion of 
pathogenic mechanisms as they relate to iron 
uptake systems (see section on Iron Acquisition 
from Host Tissues in this Chapter). Tlie last 
specific growth requirement is for CO 2 , which 
primes the synthesis of oxaloacetate (the precur- 
sor for the fumarate used as an electron acceptor 
during energy generation; see section on Sugar 
Catabolism and Fermentation Pathways in this 
Chapter). In the absence of CO 2 , long lag periods 
are experienced until the requirement can be 
met through internal generation of CO 2 during 
fermentation of carbohydrates (Caspari and 
Macy, 1983). 

Energy Metabolism 

Polysaccharide Utilization The Bacteroides 
are saccharolytic, and this directly reflects their 
environment, which is rich in complex polysac- 
charides derived from dietary sources (cellulose, 
hemicellulose, starch and pectin) and host secre- 
tions (chondroitin sulfate). Degradation of these 
compounds is an important characteristic of 
most Bacteroides spp. In fact, as a group this 
genus is extremely versatile in the range of sub- 
strates that can be utilized as carbon and energy 
sources. Polysaccharides commonly used by 
Bacteroides spp. are listed in Table 1 together 
with the enzymes and genes associated with their 
use (if known). The efficiency of polysaccharide 
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digestion also is significant. Chemostat studies 
and batch cultures with B. thetaiotaomicron 
and with B. ovatus have indicated utilization of 
starch, guar gum, xylan, arabinogalactan, and 
chondroitin sulfate was greatest at low dilution 
rates, which mimic the slow transit times in 
the gut (Salyers et al., 1982; Salyers, 1984; 
Macfarlane et al., 1990; Macfarlane and Gibson, 
1991b; Degnan et al., 1997a; Degnan et al., 
1997b). Further, growth rates and growth yields 
are as good or better for the organisms grown 
with various polysaccharides when compared to 
their component sugars. These results suggest 
that the mechanisms of polysaccharide digestion 
are highly effective, having adapted to the varied 
substrates available in the intestinal tract ecosys- 
tem. Although the range of substrates is wide, 
there are several common properties that char- 
acterize their utilization by Bacteroides. That is, 
these are complex, highly regulated systems rely- 
ing on a network of outer membrane proteins to 
bind and degrade the substrates, rather than 
secreted extracellular enzymes. Generally these 
systems are induced by their substrates and 
repressed by glucose or other readily utilizable 
sugars. 

Very early on, it was found that high activities 
of various polysaccharidases were only possible 
when Bacteroides spp. cultures were grown with 
their particular substrate (Salyers et al., 1977b). 
Interestingly it also was shown that in the case of 
B. thetaiotaomicron, the outer membrane pro- 
tein profiles changed markedly during growth 
with different polysaccharides (Kotarski et al., 
1985). Since most of the polysaccharidases are 
cell associated, it has been reasoned that these 
outer membrane proteins are important for 
binding of substrates to aid their passage to the 
periplasm and cytoplasm. Starch utilization by B. 
thetaiotaomicron exemplifies this scenario; there 
are seven structural genes of which four {susC, 
susD, susE and susF) encode outer membrane 
proteins with a role in starch binding (Reeves 
et al., 1996; Reeves et al., 1997; Shipman et al., 
2000; Cho and Salyers, 2001a). Other genes in 
this regulon encode for a soluble neopullulanase 
(susA), an outer membrane neopullulanase 
(susG), and an a-glucosidase (susB), all of which 
are important for the digestion of the starch 
molecule into oligosaccharides and then glucose. 
All of these sus genes are transcriptionally 
controlled by a regulator SusR in response to the 
presence of starch or maltose in the medium 
(D’elia and Salyers, 1996a; Cho et al., 2001b). 

Information on starch utilization is less com- 
plete for other Bacteroides spp. Studies with B. 
ovatus growing in a chemostat with mixtures of 
different polysaccharides indicated that starch 
and pectin were preferentially utilized, suggest- 
ing these were the most important carbon/energy 
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Table 1. Utilization of polysaccharide substrates among Bacteroides spp. 



Polysaccharide 


Organism 


Enzymes 


Genes 


Starch 


B. fragilis, B. thetaiotaomicron, 

B. ovatus, B. uniformis, B. eggerthii, 
and B. vulgatus 


pullulanase 

neopullulanase 

amylase 

a-glycosidase 

gluycoamylaseZ-glycosidase 

p-amylase 


pull U67061 
susA U66897 
osuD 

susB U66897 


Cellulose Xylan 


Bacteroides spp. B. ovatus, B. eggerthii, 
and B. vulgatus 


ND 

xylanase 

xylosidase/arabinosidase 
arabinosidase I 
arabinosidase II 


ND 

xyl U04957 
xa U04957 
asdl U15178 
asdll U15179 


Pectin 


B. thetaiotaomicron, B. ovatus, and 
B. vulgatus 


polygalacturonic acid lyase 
polygalacturonic acid hydrolase 
pectate lyase 
pectin esterase 


ND 


Dextran 


B. thetaiotaomicron, B. ovatus, and 
B. uniformis 


dextranase 


ND 


Arabinogalactan 


B. thetaiotaomicron, B. ovatus, B. uniformis, 
and B. vulgatus 


arabinogalactanase 

galactosidase 


ND 


Guar gum 


B. uniformis 


galactomannanase 

mannosidase 

galactosidase 


ND 


Laminarin 


B. thetaiotaomicron, B. uniformis, and 
B. distasonis 


p-glucanase 

p-glucosidase 


ND 


Chondroitin sulfate 


B. thetaiotaomicron and B. ovatus 


chondroitin lyase I 
chondroitin lyase II 
chondro-4-sulfatase 
chondro-6-sulfatase 
p-glucuronidase 


csuA 

csuB L42367 
csuC 
csuD 
csuE 


Hyaluronic acid 


B. thetaiotaomicron and B. ovatus 


chondroitin lyase I 
chondroitin lyase II 


csuA 

csuB L42367 


Heparin sulfate 


B. thetaiotaomicron, B. ovatus, and B. eggerthii 


ND 


ND 



Abbreviation: ND, not determined. 

From Salyers et al. (1977a, b), Salyers and Leedle (1983), Macfarlane and Cummings (1991), Cheng et al. (1995), D’elia and 
Salyers (1996b), and Whitehead (1995). 



sources in their environment (Degnan et al., 
1997a). Digestion of starch was best at lower 
dilution rates where the activities of amylase and 
a-glucosidase were highest. The amylase and a- 
glucosidase activities were soluble and could be 
resolved into three components, one of which 
was a 70-kDa protein dimer with dual amylase 
and a-glucosidase activities. Glucosamylase and 
(3-amylase activities also were found in B. ovatus, 
but there has been little in the way of genetic 
analysis of the starch utilization genes. An exam- 
ination of starch digestion by B. vulgatus showed 
that amylase and a-glucosidase activities were 
induced 20-40-fold when cultures were grown 
with maltose, amylose, or amylopectin and that 
both enzymes had the same molecular weight 
and pH optimum, suggesting that they are the 
same enzyme, perhaps similar to the B. ovatus 
enzyme (McCarthy et al., 1988). Finally, starch 
utilization in B. fragilis also seems to require 
some of the same outer membrane proteins as B. 



thetaiotaomicron requires. A starch or maltose 
inducible operon with homologs to susC, susD 
and susF and an a-amylase were recently shown 
to be involved in starch and glycogen utilization 
in B. fragilis (Smith, 2002). In addition, periplas- 
mic a-glucosidase activity has been demon- 
strated previously in this organism (Berg et al., 
1980). Thus at least superficially, starch utiliza- 
tion among these four Bacteroides spp. has some 
significant similarities. 

Chondroitin sulfate utilization in B. thetaio- 
taomicron is the model for digestion of host- 
derived polysaccharides. This highly sulfated 
polymer of A-acetylgalactosamine-glucuronic 
acid dimers is degraded by an inducible set of 
enzymes located in the periplasm and cytoplasm 
(Salyers and O’Brien, 1980; Guthrie et al., 1985; 
Hwa and Salyers, 1992a). The enzymatic activi- 
ties documented are two periplasmic chondroitin 
lyases (CsuA and CsuB), two cytoplasmic sulfa- 
tases (CsuC and CsuD), and a (3-glucuronidase 
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(CsuE) in the cytoplasm. As seen with starch, 
there were several outer membrane proteins 
induced by growth with chondroitin sulfate and 
one of these, CsuF, appears to be involved in 
substrate binding and was required for growth 
on the substrate (Kotarski et al, 1985; Cheng 
et al, 1995b). The regulatory mechanism of this 
inducible system has not yet been elucidated 
(Hwa and Salyers, 1992b; Cheng and Salyers, 
1995a). Chondroitin sulfate utilization in B. ova- 
tus and an unnamed Bacteroides spp. also has 
been examined and found to be similar to B. 
thetaiotaomicron. That is, all three organisms 
produced two inducible, cell-associated chon- 
droitin lyases with similar biochemical proper- 
ties, and there were similar chondroitin sulfate 
inducible outer membrane proteins synthesized 
(Lipeski et al., 1986). The digestion of these host 
polysaccharides in the environment most likely 
requires that the organism degrade protein 
complexes to which the polysaccharides are 
covalently linked. The chondroitin sulfate 
present in proteoglycan was degraded by B. 
thetaiotaomicron, albeit at a slower rate than 
purified substrate (Kuritza and Salyers, 1983). 
The rate of utilization was not improved when 
proteoglycan was treated with protease, suggest- 
ing that this is not an important rate-limiting step 
in degradation. 

Another important dietary polysaccharide is 
xylan, a component of hemicellulose, which is 
utilized by B. ovatus. Some initial genetic and 
biochemical studies on B. ovatus xylan degrada- 
tion have been performed showing that the 
major enzymatic activities, xylanase, arabinosi- 
dase, and xylosidase, were induced 6- to 100-fold 
by growth on oatspelt xylan (Whitehead and 
Hespell, 1990). Two genes involved in xylan 
utilization were cloned and found to encode 
the xylanase activity {xyll) and a dual function 
xylosidase-arabinosidase enzyme {xsa). These 
genes were part of an inducible operon that 
probably includes an additional arabinosidase 
(Weaver et al., 1992; Whitehead, 1995). Interest- 
ingly, mutations in these genes did not abolish 
xylan utilization, although the rate was consider- 
ably slower. This finding, together with some 
additional analysis of the xylan breakdown prod- 
ucts produced by the mutants, suggested that 
another set of enzymes may be responsible for 
removal of glucose and hexuronic acid residues 
from the xylan molecule, thus allowing for 
growth of the xsa and xyll mutants (Weaver 
et al., 1992). The presence of xylan-specific outer 
membrane proteins was not examined. 

The examination of other polysaccharide 
degrading systems has been minimal, with only 
cursory studies documenting the presence of spe- 
cific enzymatic activities. Pectin degradation in 
B. thetaiotaomicron was shown to require several 
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activities, a polygalacturonic acid hydrolase and 
lyase, pectate lyase, and pectin esterase, all of 
which were inducible by pectin or polygalactur- 
onate (McCarthy et al., 1985; Tierny et al., 1994). 
The genes encoding the B. thetaiotaomicron pec- 
tate lyase and pectin esterase have been cloned, 
but little in the way of genetic or further bio- 
chemical data is available on these or any of the 
other polysaccharide degrading activities (Tierny 
et al., 1994; Table 1). Inducible, cell-associated 
laminarinase and galactomannanase also have 
been documented in a variety of Bacteroides spp. 
(Salyers et al., 1977b; Salyers and Leedle, 1983). 
Overall, it seems likely that these polysaccharide 
digestion systems will use a strategy similar to 
the starch and chondroitin sulfate models in 
which outer membrane proteins mediate binding 
of the polymers for digestion by cell-associated 
enzymes. 

Consistent with the range of polysaccharide 
substrates utilized is the need for a variety 
of glycosidase activities. In one study with 
B. fragilis, a-glucosidase, (3-glucosidase, a- 
galactosidase, (3-galactosidase, p-N-acetyl glu- 
cosaminidase, and a-fucosidase activities were 
identified and partially purified (Berg et al., 
1980). In addition, a p-glucosidase capable of 
esculin hydrolysis has been cloned from B. 
fragilis and expressed in Escherichia coli, and 
the gene, bglA, was sequenced (GenBank 
accession number AF006658). An insertional 
mutant in bglA, however, was still able to 
hydrolyze esculin, suggesting the presence of at 
least one additional p-glucosidase in this organ- 
ism (Smith, 2002). In fact, examination of the 
B. fragilis genome sequence does reveal a sec- 
ond p-glucosidase gene. 

Sugar Catabolism and Fermentation 
Pathways Most studies on the utilization of sug- 
ars have focused on B. fragilis and B. thetaio- 
taomicron. This work has shown that there are 
distinct patterns of carbohydrate preferences, 
and in the case of B. thetaiotaomicron, mannose 
appears to play a central role in controlling sugar 
uptake (Hylemon et al., 1977; Degnan and 
Macfarlane, 1995). Glucose, galactose, arabinose 
and xylose can all be co-utilized in batch or 
chemostat cultures; however, their catabolism is 
rapidly inhibited by the addition of mannose but 
not glucose (Degnan and Macfarlane, 1995). This 
result suggests the presence of an active catabo- 
lite inhibition mechanism, and it is consistent 
with earlier work, which showed that glucose 
transport was strongly inhibited by the addition 
of mannose (Hylemon et al., 1977). In addition, 
other transport studies showed that the rates of 
hexose uptake were greatest in cells grown with 
glucose and lowest in mannose grown cells 
(Degnan and Macfarlane, 1995). Taken together. 
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these studies indicate that some form of catabo- 
lite repression operates in the Bacteroides spp., 
and although the mechanism is not known, the 
classic Enterobacteriaceae pathway does not 
operate in these organisms since they do not 
form cAMP (Hylemon and Phibbs, 1974). Induc- 
tion mechanisms also may be involved in control 
of sugar catabolism. In B. fragilis, sucrose uptake 
and sucrase activity were induced 8- and 3-fold, 
respectively, in cultures grown with sucrose, and 
in B. thetaiotaomicron xylose, uptake was clearly 
induced by its substrate (Scholle et al., 1990; 
Degnan and Macfarlane, 1995). 

The mechanisms of sugar transport have not 
been elucidated. It has been shown that B. 
thetaiotaomicron does not use a phosphoe- 
nolpyruvate:phosphotransferase for transport of 
glucose, mannose, galactose or xylose (Hylemon 
et al., 1977; Degnan and Macfarlane, 1995). 
Sugar transport is inhibited by a variety of com- 
pounds that interfere with the generation of 
proton gradients, electron transport processes, 
and substrate phosphorylation. The fact that 
the transport of different sugars was inhibited 
by different combinations of inhibitors suggests 
that several types of energy dependent carrier- 
mediated transport systems are involved in B. 
thetaiotaomicron sugar uptake (Degnan and 
Macfarlane, 1995). In B. fragilis grown under 
conditions of excess carbon/energy, the glucose 
taken up by the cell was stored in cytoplasmic 
glycogen granules, which could be rapidly 
degraded when glucose became limiting 
(Lindner et al., 1979). A similar finding was seen 
in B. thetaiotaomicron cells given -glucose, 
-mannose, -galactose or -xylose, and it was 
suggested that the ability to form these storage 
polymers may provide a competitive advantage 
in the colon (Hylemon et al., 1977; Degnan and 
Macfarlane, 1995). 

The catabolism of glucose to pyruvate 
generally occurs via the Embden-Meyerhof 
pathway. Pathway enzymes such as fructose 
1,6,-diphosphate aldolase, phosphofructokinase, 
hexokinase, and glucose-6-phosphate isomerase 
have been demonstrated in B. thetaiotaomicron 
and B. fragilis (Macy et al., 1978; Caspar! 
and Macy, 1983). In B. fragilis, both ATP and 
PPi-linked phosphofructokinase activity were 
observed. Although the PPi-linked activity was 
much higher than the ATP-linked activity, which 
of these has a more important role in glycolysis 
has not been resolved (Roberton and Glucina, 
1982). Other observations from -glucose 
labeling studies indicated that the labeled fer- 
mentation products in B. fragilis were consistent 
with Embden-Meyerhof degradation (Macy 
et al., 1978). There also is enzymatic evidence for 
the presence of the pentose pathway as well. 
Strains of B. fragilis, B. thetaiotaomicron, B. ova- 



tus, B. vulgatus, B. distasonis and B. eggerthii all 
have been shown to possess 6-phosphogluconate 
dehydrogenase and glucose 6-phosphate dehy- 
drogenase, but the role of this pathway in 
Bacteroides catabolism has never been closely 
examined (Shah and Williams, 1982; Shah et al., 
1987). 

During growth with glucose, hemin and car- 
bon dioxide, the major fermentation products 
produced by Bacteroides spp. include succinate, 
propionate and acetate, with lesser amounts of 
lactate, formate and malate (Macy et al., 1975; 
Macy et al., 1978; Holdeman et al., 1977; Caspar! 
and Macy, 1983). The pathway leading to succi- 
nate and propionate in B. fragilis begins with 
formation of oxaloacetate by the carboxylation 
of phosphoenolpyruvate (PEP) in an ATP- 
generating reaction mediated by PEP carboxyki- 
nase (Macy et al., 1978; Caspar! and Macy, 1983). 
Bacteroides thetaiotaomicron uses a similar path- 
way, but pyruvate carboxylase activity also has 
been demonstrated in these organisms (Pan and 
Imlay, 2001). Oxaloacetate is reduced to malate 
and then to fumarate by malate dehydrogenase 
and fumarate hydratase (Macy et al., 1978). The 
reduction of fumarate by fumarate reductase is 
one of the key reactions in Bacteroides energy 
metabolism. Fumarate is the terminal electron 
acceptor in a rudimentary electron transport sys- 
tem, which provides additional ATP as judged by 
studies on the molar growth yields of B. fragilis 
grown with and without hemin (Macy et al., 
1975). On the basis of studies with different 
electron transport inhibitors, the flow of elec- 
trons likely involves reduction of a flavoprotein 
by reduced nicotinamide adenine dinucleotide 
(NADH) followed by quinone reduction and 
then reduction of cytochrome b (Macy et al., 
1975; Harris and Reddy, 1977). The formation of 
succinate is then mediated by a membrane- 
bound fumarate reductase, which is specifically 
induced in the presence of hemin (Macy et al., 
1975). In B. fragilis, hydrogen and formate also 
have been shown to be possible electron donors 
in this pathway; thus, potentially this is a 
branched electron transport system (Harris and 
Reddy, 1977). Fumarase- and NADH-linked 
fumarate reductase activities also have been 
demonstrated in B. thetaiotaomicron (Pan and 
Imlay, 2001). 

Some succinate is metabolized further to pro- 
pionate in a series of reactions that may or may 
not lead to further energy gains. One enzyme 
involved in propionate formation is methylmal- 
onyl-CoA mutase, a Bi 2 -dependent enzyme com- 
monly found in succinate-propionate pathways 
(Macy et al., 1978). This enzyme activity has been 
demonstrated in B. fragilis, and Bi 2 -dependent 
propionate formation has been shown in B. fra- 
gilis and B. eggerthii (Macy et al., 1978; Chen and 
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Wolin, 1981). Acetate formation in the Bacteroi- 
des has not been studied, but it is likely that 
reducing equivalents produced during the oxida- 
tion of pyruvate to acetyl-CoA will enter into the 
electron transport system. 

Bacteroides spp. grown in the absence of 
hemin have a major shift in fermentation, with 
the major products being lactate, fumarate and 
acetate (Macy et al., 1975; Sperry et al., 1977; 
Al-Jalili and Shah, 1988). In B. fragilis, this shift 
reflects the lack of fumarate reductase and cyto- 
chrome b, which are required for succinate 
production. The result is fumarate accumulation, 
and pyruvate becomes a major electron sink 
from which lactate is formed by the action of an 
NAD-dependent lactate dehydrogenase (Macy 
et al., 1978). 

Nitrogen Metabolism 

Ammonia Assimilation The central features of 
Bacteroides nitrogen metabolism relate directly 
to their dependency on ammonia as the primary 
nitrogen source and their inability to utilize 
amino acids as a sole source of nitrogen. Rapid 
growth is dependent on the uptake and flxation 
of ammonia into glutamate. As found in other 
eubacterial species, the Bacteroides have two 
pathways for ammonia assimilation. First is the 
glutamine synthetase/glutamate synthase route 
that is often associated with growth under limit- 
ing ammonia conditions in organisms such as the 
Enterobacteriaceae. The activity of this pathway 
was established in B. fragilis, but the activity of 
glutamate synthase was very low (Yamamoto et 
al., 1984). In addition, on the basis of studies with 
the glutamine synthetase inhibitor, methionine 
sulfoximine, it was concluded that the pathway 
was not required for growth with low ammonia, 
since growth rates did not decrease in cells 
treated with the inhibitor, and glutamate dehy- 
drogenase levels increased dramatically. The 
glutamine synthetase activity was highest under 
nitrogen limiting conditions, and another report 
using a reporter gene to assess glutamine syn- 
thetase transcription indicated that the enzyme 
was upregulated under nitrogen limiting condi- 
tions, thus indicating some role during nitrogen 
limitation (Yamamoto et al., 1984; Abratt et al., 
1993). Clearly more defined genetic studies will 
be needed to elucidate the role of glutamine 
synthetase in ammonia assimilation. 

The B. fragilis glutamine synthetase gene has 
been cloned and sequenced, but to date the 
glutamate synthase gene has not yet been iden- 
tified (Southern et al., 1986; Hill et al., 1989). 
Bacteroides thetaiotaomicron also has glutamine 
synthetase activity; no pyridine nucleotide- 
linked glutamate synthase activity was detected 
in whole cell assays (Baggio and Morrision, 
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1996). The glutamine synthetase from B. fragilis 
is novel when compared to those of other eubac- 
terial species. The subunit size is somewhat 
larger (82,827 Da), and the enzyme in its native 
form is a hexamer rather than the dodecamer (or 
octamer) structural arrangement seen in other 
organisms (Southern et al., 1986). Not surpris- 
ingly, phylogenetic analyses of glutamine syn- 
thetases have revealed that the B. fragilis enzyme 
was part of a novel group designated “GSIII” 
that also includes the enzymes of Synechocystis, 
Butyrivibrio and a few other non-Enterobacteri- 
aceae species (Reyes and Florencio, 1994). The 
GSIII enzymes do not appear to be controlled 
by adenylylation, and they lack several other 
key structural features of the more common 
enzymes. Little information on glutamine syn- 
thetase is available for the other Bacteroides spp. 

In their normal environment, the Bacteroides 
rarely encounter growth-limiting concentrations 
of ammonia. Thus these organisms may have 
evolved their primary strategy for ammonia 
assimilation on the basis of the second pathway, 
direct incorporation of ammonia into glutamate 
via glutamate dehydrogenase. Both B. fragilis 
and B. thetaiotaomicron possess two glutamate 
dehydrogenase enzymes. The enzyme encoded 
by gdhA has dual cofactor dependency, whereas 
the gdhB gene encodes for an NADH specific 
enzyme (Glass and Hylemon, 1980; Yamamoto 
et al., 1987a; Baggio and Morrison, 1996). The 
GdhA from B. fragilis and B. thetaiotaomicron 
has a subunit size of about 48,500 and the 
holoenzymes are about 300,000 Da, suggesting a 
hexameric structure (Gibson and Macfarlane, 
1988a). The GdhA of both species also has 
greater activity with reduced nicotinamide 
adenine dinucleotide phosphate (NADPH) 
as opposed to NADH, but in B. fragilis, the 
values for ammonia are 1.7 and 4.9 mM, 
which are much lower than the 5.0 and 15 mM 
values obtained for the B. thetaiotaomicron 
enzyme (Yamamoto et al., 1987a; Gibson and 
Macfarlane, 1988a). Thus in B. fragilis, GdhA 
is thought to be involved in ammonia incor- 
poration during growth with low levels of 
ammonia. GdhA undergoes a rapid inactivation 
in response to exposure to high concentrations 
of ammonia during growth, indicating it can be 
rapidly shut down as the need for glutamate 
decreases (Yamamoto et al., 1987b; Saito et al., 
1988). Cells shifted from media containing 
50 mM ammonia to media with 1 mM ammonia 
had a fivefold increase in GdhA activity. Also, 
when cells are grown in the presence of high 
concentrations of peptide nitrogen, the activity 
of GdhA is low but increases if ammonia is 
added to the culture (Abrahams et al., 2001). 
There have been no transcriptional studies of 
gdhA in B. fragilis, but in B. thetaiotaomicron. 
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levels of message for different growth conditions 
did not change (Baggio and Morrision, 1996). 
This suggests that control of activity may be the 
primary mechanism used to regulate GdhA, and 
a candidate for this inactivation activity is 
encoded by the gdhX gene, which is co-tran- 
scribed with gdhA in B. thetaiotaomicron. Over- 
all, however, the role for GdhA is not entirely 
clear because the growth of a B. thetaiotaomicron 
mutant lacking an intact gdhA gene was not 
affected on any medium tested (Baggio and 
Morrision, 1996). That is, there was no obvious 
phenotype for the B. thetaiotaomicron gdhA 
mutant, but similar studies have not yet been 
performed in B.fragilis. 

The second glutamate dehydrogenase, GdhB, 
has been cloned from B. fragilis and was found 
to belong to the hexameric glutamate dehydro- 
genase Family I (Abrahams and Abratt, 1998). 
The structural gene would encode a peptide of 
49,000 Da, and this peptide had greatest similar- 
ity to the NADH-specific Gdh from R gingivalis 
and GdhA from B. thetaiotaomicron. In contrast 
to gdhA, there was significant induction of gdhB 
seen in Northern blots of cells grown in the pres- 
ence of peptides (Abrahams and Abratt, 1998). 
There also may be some modification of GdhB 
activity in response to environmental conditions, 
since activity rapidly decreased when cells were 
removed from media containing high levels of 
peptides. Further, it was found that GdhB local- 
ized to the cell surface even though there was no 
obvious signal sequence (Abrahams et al., 2001). 
Taken together, it is thought that this enzyme 
may play a role during growth on proteins or 
peptides, perhaps during infection as well as in 
the intestinal tract. 

In B. fragilis and B. thetaiotaomicron, there are 
two distinct glutamate dehydrogenases with 
different regulatory patterns, but little informa- 
tion is available for the other Bacteroides 
spp. However, one survey looking at electro- 
phoretic mobility showed that an NADH-linked 
glutamate dehydrogenase activity migrated as a 
single protein species in B. fragilis, B. thetaio- 
taomicron, B. ovatus, B. vulgatus, B. eggerthii and 
B. distasonis (Shah and Williams, 1982). Addi- 
tionally in another survey, the B. fragilis, B. 
thetaiotaomicron, B. ovatus, B. vulgatus, B. uni- 
formis and B. distasonis Gdh enzymes were 
found to function with either NAD PH or NADH 
(Glass and Hylemon, 1980). Taken together, the 
two results suggest that these are enzymes with 
dual cofactor specificity. 

Protein Utilization The Bacteroides spp. have 
significant proteolytic capability, but they cannot 
use peptides as a sole carbon and energy source. 
They can however grow with peptides as the 
sole nitrogen source, and as mentioned above. 



GdhB may have a role in the assimilation of 
the nitrogen in glutamate-containing peptides. 
Proteolytic activity has been demonstrated in 
several Bacteroides spp. In one survey, protease 
activity (gelatinase) was found in B. fragilis, B. 
distasonis and B. vulgatus (Rudek and Haque, 
1976). Approximately 50% of both B. fragilis and 
B. thetaiotaomicron were found to have elastase 
activity and a 100-kDa protein with fibrinogen- 
degrading activity was purified from B. fragilis 
(Chen et al., 1995; Mikamo et al., 1999). This 
protease appeared to be a serine-thiol protease 
that had activity against azocasein, casein, fibrin- 
ogen, gelatin and azocoll but not bovine serum 
albumin fibronectin, hemoglobin or collagen. 
Other species, B. thetaiotaomicron, B. ovatus, B. 
uniformis, B. eggerthii and B. distasonis, also had 
similar fibrinolytic activity, but the activities were 
reduced compared to those of B. fragilis. In 
another study on Bacteroides proteases, three 
separate activities with high levels of activity 
against trypsin and casein were found in B. 
fragilis (Gibson and Macfarlane, 1988b). The 
substrate profile was somewhat different in that 
gelatin and azocoll were not degraded and 
elastase activity was absent in this strain. The 
range observed on synthetic substrates was also 
very restricted (Gibson and Macfarlane, 1988a). 
Two of the B. fragilis proteases were endopepti- 
dases (P2 and P3) with characteristics of serine- 
thiol proteases, and the third (PI) was an 
exopeptidase in the cysteine protease group. The 
P2 and P3 proteases were cell bound and asso- 
ciated with the outer membrane, while PI was 
predominately associated with the periplasm 
(Gibson and Macfarlane, 1988a). The overall 
protease activity was higher in organisms grown 
in media with casein than in those from media 
with ammonia as the nitrogen source. In general, 
it appears that the substrate range of the Gl-tract 
Bacteroides proteases is limited when compared 
to the proteolytic activities of related organisms 
such as Prevotella ruminicola or R gingivalis. The 
Bacteroides proteases probably have a role in the 
utilization of nitrogen and turnover of protein in 
the gut, and a potential role in pathogenesis can- 
not be overlooked. More of the proteolytic capa- 
bilities important for growth in the intestinal 
tract or for pathogenesis are discussed in their 
relevant sections on Protease Activity in the 
Colon and on Proteases and Hydrolytic Enzymes 
in Pathogenesis. 

Amino Acid Biosynthesis There are few stud- 
ies of Bacteroides amino acid biosynthesis, but it 
is clear from the nutritional studies that with the 
possible exception of B. ovatus, all Bacteroides 
spp. can synthesize their amino acids de novo 
(Varel and Bryant, 1974). Glutamate is likely the 
primary source for a-amino groups of amino 
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acids, which are formed via transamination of the 
corresponding 2-oxoacid. As described above, 
glutamate dehydrogenase catalyzes the reduc- 
tive amination of a-ketoglutarate in a typical 
reaction, but the synthesis of the precursor 
a-ketoglutarate does not occur by typical path- 
ways. The major route of a-ketoglutarate syn- 
thesis occurs via a reductive carboxylation of 
succinate as shown by studies following the 
incorporation of -succinate into glutamate. 
This a-ketoglutarate synthase activity has 
been demonstrated in B. fragilis, B. vulgatus, B. 
uniformis and B. distasonis (Allison et al., 1979; 
Allison et al., 1984). Reductive carboxylation 
also appears to be important in B. fragilis for the 
synthesis of leucine, isoleucine and phenylala- 
nine, which can be derived from isovalerate, 2- 
methylbutyrate and phenylacetate, respectively 
(Allison et al., 1984). Thus the presence of these 
acid precursors in the external environment 
may be a competitive advantage by providing 
the carbon skeletons for biosynthesis. Recent 
studies also have documented the synthesis of a- 
ketoglutarate by a pathway that involves the 
oxidative branch of the Krebs cycle (Baughn and 
Malamy, 2002). In an important observation, it 
was shown that aconitase (GenBank accession 
number AF434843) and isocitrate dehydroge- 
nase were present in B. fragilis and that this route 
of a-ketoglutarate synthesis was used during 
growth in the absence of hemin, inasmuch as 
succinate cannot be produced via the fumarate 
reductase reaction under these conditions (see 
section on Sugar Catabolism and Fermentation 
Pathways in this Chapter). This work and 
further inspection of the B. fragilis genome 
database indicate that most of the forward 
Krebs cycle enzymes are present, although it is 
not likely to function in the synthesis of fuma- 
rate from succinate (http://www.sanger.ac.uk/ 
Proj ects/B_fr agilis/) . 

During growth under conditions that do not 
provide the acids for reductive carboxylation, B. 
fragilis has the ability to synthesize the amino 
acids from glucose by typical pathways. In the 
case of leucine biosynthesis, two of the requisite 
enzymes have been demonstrated in B. fragilis, 
a-isopropylmalate synthase (leuA) and (3- 
isopropylmalate dehydrogenase (leuB; Wiegel, 
1981; Sarker et al., 1995a; Sarker et al., 1995b). 
The B. fragilis leuB gene was in fact cloned by 
complementation of the leuB mutation in E. coli, 
thus indicating functional, as well as sequence 
homology in this pathway. Interestingly, isopro- 
pylmalate synthase appears to be regulated such 
that its activity is lower in cells grown with 
isovalerate or leucine in the medium, thus sup- 
porting the notion that it may be advantageous 
to obtain this precursor from the environment 
when it is available. Nutritional studies provide 
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insight into methionine biosynthesis. The vitamin 
Bi 2 requirement for B. fragilis, B. vulgatus, B. 
thetaiotaomicron and B. distasonis could be 
replaced by methionine, suggesting that biosyn- 
thesis occurs via a Bi 2 -dependent homocysteine- 
N5-methyltetrahydrofolate transmethylase 
(MetH, methionine synthase). A gene encoding 
a protein with 45% identity to MetH from 
E. coli was present in the B. fragilis unfin- 
ished genome database. 

The completed genome sequence will be a 
powerful tool for better understanding the pecu- 
liarities of amino acid biosynthetic pathways in 
Bacteroides spp. 



Aerotolerance and the Response to 
Oxidative Stress 

Many studies have shown that anaerobic 
bacteria are not uniformly sensitive to oxygen, 
and their range of oxygen tolerance is broad 
(Morris, 1991). Among anaerobic bacteria, the 
Bacteroides spp. are some of the most aerotoler- 
ant species known. In addition, aerotolerance 
may prove to be an important virulence factor. 
This is supported by the fact that clinical isolates 
of B. fragilis are more resistant to oxygen expo- 
sure than fecal strains are. The former strains 
were able to survive in the presence of oxygen 
for 48-72 h, while the latter lost viability after 4 
h of oxygen exposure (Tally et al., 1975; Rolfe et 
al., 1977). This suggests that there is an adaptive 
mechanism that may protect cells during an oxi- 
dative stress. In fact, B. fragilis is able to adapt 
and survive in tissues with oxygen tensions up 
to 6% during the initial steps of infection until 
adequate anaerobic conditions for growth are 
established (Rotstein et al., 1985; Park et al., 
1992). 

To survive in the more oxygenated environ- 
ment outside the colon, B. fragilis must defend 
itself from the damage caused by reactive oxygen 
species (ROS).The formation of these ROS is an 
unavoidable consequence of aerobic exposure 
and can lead to macromolecule damage such as 
peroxidation of membrane lipids, oxidation of 
amino acids in proteins, the destruction of iron- 
sulfur clusters in enzymes, and DNA base modi- 
fications and strand breaks (Storz and Imlay, 
1999). A few studies describe the mechanisms 
leading to oxidative damage in anaerobes. 
Studies comparing the oxidative DNA damage 
between the strictly anaerobic Prevotella melan- 
inogenica and B. fragilis after exposure to O 2 or 
H 2 O 2 have demonstrated that formation of 8- 
hydroxydeoxyguanosine (80HdG, a DNA dam- 
age marker) was induced in R melaninogenica 
but not in B. fragilis (Takeuchi et al., 1999). Fur- 
thermore, in vivo and in vitro studies have shown 
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that aeration caused a drastic reduction in the 
fumarase and pyruvate:ferredoxin oxidoreduc- 
tase as well as oxidation of other iron-sulfur cen- 
ter-containing proteins in B. thetaiotaomicron 
(Pan and Imlay, 2001). 

More information is available for enzymes 
that protect from ROS. Among Bacteroides spp., 
catalase activity is not universally present, 
although B. fragilis and B. distasonis are gener- 
ally catalase positive while B. thetaiotaomicron, 
B. ovatus and B. eggerthii possess variable cata- 
lase activity (Wilkens et al., 1978). Bacteroides 
vulgatus and B. uniformis are catalase negative. 
A single catalase gene (katB) was found in B. 
fragilis, and hybridization analysis showed that 
katB had strong homology with all B. fragilis 
strains tested but not with other Bacteroides spp. 
except for B. thetaiotaomicron. Also, some rear- 
rangements in the catalase gene region were 
observed between B. fragilis ATCC 2393 (homol- 
ogy group II) and the two homology group I 
strains ATCC 25285 and 638R (Rocha and 
Smith, 1995). Superoxide dismutase (Sod) activ- 
ity was found in cell extracts of Bacteroides spe- 
cies. Isoelectric focusing has demonstrated that 
Sod occurs in different forms in the different 
species (Carlsson et al., 1977). Moreover, the fre- 
quency of Sod occurrence varies within the gen- 
era and among the species (Gregory et al., 1978). 
For example. Sod activity in some B. fragilis 
strains varies over a 15-fold range, while some 
strains of B. vulgatus have no detectable Sod 
activity. Bacteroides fragilis and B. thetaiotaomi- 
cron synthesize a single superoxide dismutase 
that exists as dimers of 42,000 and 46,000 Da, 
respectively (Gregory and Dapper, 1983; 
Pennington and Gregory, 1986). Bacteroides 
fragilis and B. thetaiotaomicron Sod enzymes are 
cambialistic metalloenzymes that contain Fe 
(FeSod) in anaerobic cells, and under aerobic 
conditions, Fe is replaced by Mn (MnSod; 
Gregory and Dapper, 1983; Pennington and 
Gregory, 1986). TTie variation in oxygen sen- 
sitivity among Bacteroides species might be 
attributed to the heterogeneous expression of 
catalases and superoxide dismutase among the 
different species. 

Bacteroides cannot change to aerobic metabo- 
lism, and when shifted from an optimal anaero- 
bic growth condition to an adverse aerobic 
environment, it will most likely “redirect” its 
energy resources and metabolism for protection 
and survival. Consistent with this, B. fragilis syn- 
thesizes two very similar and overlapping sets of 
approximately 28 new proteins following stress 
induction by either oxygen exposure or addition 
of hydrogen peroxide. Thus far, superoxide 
dismutase, alkyl hydroperoxide reductase 
(AhpCF), the nonspecific DNA-binding protein. 
Dps, catalase (KatB) and nrdA have been iden- 



tified as important components of the oxidative 
stress response (Gregory and Dapper, 1983; 
Rocha et al., 2000; Smalley et al., 2002). Pretreat- 
ment with sublethal concentrations of hydrogen 
peroxide has been shown to induce catalase 
{katB) expression and protection against further 
exposure to high concentrations of hydrogen 
peroxide (Rocha et al., 1996). In addition, cata- 
lase was important (but it was not the only factor 
needed) to protect B. fragilis DNA against 
oxidative damage as determined by the levels 
of 80HdG following treatment with H 2 O 2 or 
O 2 (Takeuchi et al., 1999). Bacteroides fragilis 
mutants in ahpCF or katB have an increased 
sensitivity to the toxic and mutagenic effects 
of peroxides, which confirms the role of this 
inducible response in protection from oxidative 
stress (Rocha et al., 1996; Rocha and Smith, 
1999). 

The B. fragilis peroxide response is regulated 
by OxyR, which is a LysR-family transcriptional 
activator similar to that found in facultative 
organisms (Rocha et al., 2000). The OxyR pro- 
tein regulates the transcription of katB, ahpCF 
and dps in response to H 2 O 2 or O 2 . A mutated 
OxyR with a glycine substitution for the aspar- 
tate at position 202 resulted in a permanently 
activated form of OxyR, which was responsible 
for the constitutive expression of katB, ahpCF 
and dps in the B. fragilis mutant strain. There 
also appears to be an oxygen responsive regula- 
tory network that is independent of OxyR. This 
was suggested by transcriptional analysis of dps, 
where induction by H 2 O 2 was lost in an oxyR 
mutant, but some induction still occurred during 
exposure to air (Rocha et al., 2000). In addition, 
recent results showed several other genes {nrdA, 
sod and asdA) that were induced only by O 2 and 
not by H 2 O 2 (Rocha et al., 2000; Smalley et al., 
2002). 

Mechanisms other than classic “detoxifica- 
tion” also seem to help B. fragilis withstand 
long periods of oxygen exposure. One novel 
mechanism was the discovery of the Bacteroides 
aerotolerance operon {hatABCDE). The hat 
genes were shown to be important for survival 
in the presence of oxygen and growth in vivo in 
model systems (Tang et al., 1999). The less aero- 
tolerant bat mutants were unable to compete 
with the wildtype strain in an experimental 
mixed infection. This clearly demonstrated an 
association between the ability of B. fragilis to 
survive in the presence of oxygen and survival 
in host tissues. Bat proteins seem to form a 
complex involved in the generation or export of 
reducing power equivalents into the periplasm 
of B. fragilis (Tang et al., 1999), but no data are 
available yet to determine whether the bat 
operon are induced as part of the oxidative 
stress response. 
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Genetics 

Genome Structure 

During the past 15 years, understanding of 
Bacteroides genetics and the development of 
molecular tools have progressed sufficiently so 
that genetic manipulation of these organisms is 
now routine. Thus, there is a wealth of new 
information available and the promise of even 
more rapid advances as the genome sequenc- 
ing projects for two B. fragilis strains (see 
http://www.sanger.ac.uk/Projects/B_fragilis/) near 
completion. 

The G+C content of Bacteroides ranges from 
39-48 mol%, averaging 44% for all species 
(Johnson, 1978a; Table 2). Genome sizes for 
the predominant species have been estimated 
by pulsed-field gel electrophoresis analysis of 
chromosomes digested with the rare-cutting 
restriction enzymes Crul, Notl, and Ascl 
(Shaheduzzaman et al., 1997). As shown in 
Table 2, genome size varies from the smallest 
for B. eggerthii at 4.4 Mb to the largest, B. 
ovatus at 6.7 Mb. Overall the average size 
range of the Bacteroides genomes is similar to 
the median size of the known eubacterial 
genomes that are already or in the process of 
being sequenced (see TIGR in progress and 
TIGR complete websites). A chromosome map 
of one B. fragilis strain (homology group II 
strain YCH46) has been constructed for the 
enzymes Notl (16 sites), Ascl (7 sites), and 
Ceul (6 sites; Kuwahara et al., 2002). The chro- 
mosome was circular and approximately 5.3 
Mb. Several genetic markers, including cfiA, 
glnA, recA, nanH and six rRNA operons, were 
mapped and found to be scattered around the 
chromosome. In the case of B. fragilis, 
genome size (5.225 Mb) has been indepen- 
dently verified by the near completion (99.9%) 
of the genome sequence for the type strain, 
ATCC 25285. Bacteroides genomes are com- 
posed of a diverse array of plasmids, trans- 
posons and insertion sequence (IS) elements. 



Table 2. Structural features of Bacteroides genomes. 



Species 


G+C (mol%) 


Genome size (Mb) 


B. fragilis 


41-44 


5.2 


B. thetaiotaomicron 


40-43 


4.7 


B. vulgatus 


40-42 


5.2 


B. uniformis 


45-48 


4.8 


B. ovatus 


39-43 


6.7 


B. distasonis 


43-45 


4.8 


B. eggerthii 


44-46 


4.4 



From Johnson (1978), Holdeman et al. (1986), and Shahed- 
uzzaman et al. (1997). 
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as will be discussed in the section Genetic 
Elements, but evidence for a pathogenicity 
island(s) in strains containing the zinc metal- 
loprotease toxin, fragilysin, is also present 
(Moncrief et al., 1998; Franco et al., 1999). The 
first of these is BfPAI, which is about 6 kb and 
35 mol% G-hC. BfPAI encodes two metallopro- 
tease toxin genes, bftl and mpll, which share 
about 28% identity at the amino acid level. 
This pathogenicity island is located within a 
larger genetic element (>12 kb; 49 mol% G+C), 
which shared some features associated with 
mobilizable Bacteroides plasmids. On the basis 
of their dissimilar mol% G+C composition 
(compared to the chromosomal values), it was 
suggested that these two genetic elements were 
obtained by horizontal transfer (Franco et al., 
1999). 

Genetic Elements 

Additional genetic elements that make up the 
genomes of Bacteroides spp. are plasmids, IS 
elements, and transposons. Plasmids are found 
frequently in all of the Bacteroides spp., with 
surveys reporting 20-50% of clinical or fecal 
isolates containing plasmid DNA (Stiffler et al., 
1974; Wallace et al., 1981; Callihan et al., 1983; 
Odelson et al., 1987; Soki et al., 1999). Multiple 
plasmids (each 2.7-80 kb) are not uncommonly 
found in a single strain. The majority of plasmids 
isolated from these organisms are small (<8 kb), 
cryptic plasmids that can be classified into one of 
just several homology groups, and most appear 
to contain mobilization genes that allow them 
to be transferred by conjugation (see Conjuga- 
tion; Callihan et al., 1983; Smith et al., 1998). 
Although relatively rare, antibiotic-resistance 
plasmids also have been described in Bacteroides 
spp. These plasmids have been associated 
with transmissible resistance to macrolide- 
lincosamide-streptogramin drugs (MLS) and to 
5-nitroimidazole drugs (reviewed in Smith et al., 
1998). The MLS-resistance determinant, ermF, 
has been found on several unrelated plasmids, 
but in each case, it was located in closely 
related compound transposons (reviewed in 
Odelson et al., 1987, and Smith et al., 1998). The 
MLS-resistance plasmids were either self- 
transmissible (pBF4 and pBI136) or mobilizable 
(pBFTMlO). The 5-nitroimidazole-resistance 
determinants {nim) have been observed on a 
wide variety of mobilizable plasmids. In contrast 
to the MLS-resistance plasmids, the nim genes 
were not part of compound transposons. Other 
than the MLS and /t/m-resistance plasmids, there 
are no other verified antibiotic-resistance 
plasmids in the Bacteroides. 

Similar to other genera, the Bacteroides 
harbor a variety of IS elements that have been 
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found in the chromosome and on plasmids of 
several different species. Thus far about nine 
different IS elements have been documented, 
and these generally fall in the 1.1-1.6-kb range. 
The elements belong to several different IS fam- 
ilies (e.g., IS5, ISJf^, IS4 and IS27) that represent 
a range of genetic organizations and trans- 
position mechanisms (reviewed in Smith et al., 
1998). All of the Bacteroides IS elements identi- 
fied to date were first found to be associated 
with antibiotic-resistance genes. In these cases, 
the IS elements were located directly adjacent 
to the resistance determinants and had outward 
firing promoters that controlled transcription of 
the resistance genes. IS elements have been 
shown to activate expression of nim, ermF, cfiA 
(metallo-p-lactamase) and cepA (p-lactamase) 
by acting as transcription promoters (Podglajen 
et al., 1992; Podglajen et al., 1994; Podglajen 
et al., 2001; Haggoud, et al., 1994; Rogers et al., 
1994). Even though the IS elements are 
required for expression of many antibiotic- 
resistance genes, they are not frequently found 
associated with compound transposons. Thus 
far, only IS4351 has been linked to compound 
transposons, and it is part of Tn4351, Tn4400 
and Tn4557, which are three plasmid-borne 
compound transposons encoding MLS- 
resistance. The structure of these transposons is 
similar to the IS elements in direct orientation, 
flanking the erm gene and one other antibiotic- 
resistance gene (Odelson et al., 1987; Smith 
et al., 1998). The compound transposons have 
been used as genetic tools for random mutagen- 
esis of B. fragilis and B. thetaiotaomicron and 
other related genera from the oral cavity 
(Salyers et al., 2000). Recently, a modified 
version of Tn4400 was constructed to increase 
transposition frequency and identification of 
mutants (Tang and Malamy, 2000). 

The most common transposons found in 
Bacteroides spp. are conjugative transposons 
(CTn) and mobilizable transposons (MTn), both 
of which share common features and are highly 
transmissible by a conjugation-like mechanism 
(Salyers et al., 1995a; Salyers et al., 1995b). The 
CTns are generally large elements ranging in size 
from 50 kb to more that 150 kb. The common 
features of the CTns are that they encode tetra- 
cycline-resistance, mediated by the tetQ gene, 
and they are self-transmissible, encoding all of 
the genes for the conjugation apparatus. A recent 
survey that included all of the Bacteroides spe- 
cies showed that these elements are widespread, 
being found in 60-80% of recent isolates as com- 
pared to about 30% of isolates obtained prior to 
1970 (Shoemaker et al., 2001). This dissemina- 
tion can be accounted for by the broad host 
range of the CTns, which are able to transfer to 
all Bacteroides spp., to related genera {Porphy- 



romonas and Prevotella), and to E. coli. The 
majority of CTns appear to be closely related, 
sharing significant DNA sequence homology to 
each other and to CTnDOT, which is the proto- 
typic element (Shoemaker et al., 2001; Whittle 
et al., 2001). However, the structure of the CTns 
is somewhat variable, and the elements can 
be classified into several groups on the basis 
of restriction fragment length polymorphisms 
(RFLPs; Shoemaker et al., 2001). Also, a few 
CTns contain the tetQ gene but otherwise do not 
hybridize with CTnDOT, suggesting that other 
conjugative transposon classes are present in 
these organisms. The mechanism of CTn trans- 
position appears similar to that of the well- 
studied Tn976 except that transposition is not 
random and there are only a limited (5-10) num- 
ber of CTn insertion sites in the Bacteroides 
chromosomes (Bedzyk et al., 1992; Cheng et al., 
2000). Transposition is a several step process that 
requires the element to excise from the chromo- 
some and then form a covalently closed circular 
intermediate. Next the transposon can either 
insert at a new location or be transferred to a 
new host where it will integrate upon entry. Both 
the integration and excision steps require a 
lambda-family integrase that makes staggered 
cuts 5 bp from the ends of the transposon to 
excise the element and then presumably 
produces similar cuts in the target site for 
integration (Cheng et al., 2000). Further charac- 
terization of the transposition mechanism is 
underway. Perhaps the most notable feature of 
the Bacteroides CTns is that their transfer and 
transposition are induced (100-1000-fold) by 
exposure to tetracycline (Privitera et al., 1979b; 
Salyers et al., 1995a). This induction is mediated 
by a signal transduction mechanism involving 
three regulatory genes {rteA, rteB and rteC) plus 
the resistance gene tetQ (Stevens et al., 1993). 
This regulatory system appears to control ex- 
pression of the conjugation apparatus, but no 
specific targets of this control have yet been iden- 
tified (Stevens et al., 1993). The RteA and RteB 
gene products have homology to classic two- 
component regulatory system sensors and regu- 
lators, and their roles in signal transduction are 
currently being worked out. 

The last class of transposon frequently 
encountered in Bacteroides spp. is the novel 
mobilizable transposons (MTn). These elements 
can be transferred to a wide variety of bacterial 
genera, but they differ from the CTns in that they 
cannot self-transfer. Rather, they require a co- 
resident CTn or conjugative plasmid to provide 
the conjugation apparatus for transfer and thus 
are mobilized in trans by these conjugative 
elements. There have been five MTns studied in 
detail: NBUl and NBU2 (from B. uniformis), 
Tn4555 (from B. vulgatus), and Tn4399 and 
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Tn5520 (from B. fragilis; reviewed in Smith et al., 
1998). Surveys using NBUl or NBU2 as a probe 
in Southern hybridization assays have shown 
that MTns are found in virtually all Bacteroides 
spp. (Wang et al, 2000). These elements range in 
size from 4.7 to 12.1 kb, and all have the same 
basic genetic organization, containing at a mini- 
mum a lambda-family integrase, a mobilization 
gene(s) and an oriT. Among the MTns, there 
is considerable homology, but this appears to 
be due to their modular construction. That is, 
some elements share related integrase genes 
and others share similar mobilization genes 
but have unrelated integrases (Smith et al., 
1998). It is thought that these elements may be 
important for antibiotic-resistance dissemination 
in Bacteroides, since two MTns have been shown 
to encode resistance determinants (Parker and 
Smith, 1993; Smith and Parker, 1993; Wang et al., 
2000 ). 

Mechanisms of Genetic Exchange 

Conjugation First described in 1979 for the 
MLS-resistance plasmids and the CTns, conjuga- 
tion is the most important genetic exchange 
mechanism in Bacteroides spp. and is responsible 
for the widespread dispersal of all genetic 
elements in this genus (Privitera et al., 1979a; 
Privitera et al., 1979b; Welch et al., 1979). Con- 
jugation requires direct cell-to-cell contact of 
donor and recipient cells on a solid substrate, and 
there have been no reports of successful matings 
in liquid cultures. In contrast to many other 
organisms, self-transmissible plasmids such as 
pBF4 and pBI136 seem to be relatively rare; thus 
nearly all conjugation among the Bacteroides is 
driven by the CTns. The CTns are remarkable, 
self-transmissible elements that also have the 
ability to mobilize a diverse set of unlinked 
plasmids and MTns. In fact, mobilization does 
not appear to be specific, and essentially any 
element that has a Bacteroides spp. mobilization 
gene and oriT can be transferred by a CTn. 
As mentioned above, transfer and mobilization 
are highly inducible by pre-exposure to tetracy- 
cline, which increases conjugation frequencies 
by as much as 1000-fold (Salyers et al., 1995a; 
Salyers et al., 1995b). Control appears to be 
at the transcriptional level and depends on 
the same regulatory genes as found for transpo- 
sition (Stevens et al., 1992; Stevens et al., 1993). 
This signal transduction pathway is very 
complex and there are likely other factors 
involved, but their identity remains to be deter- 
mined. Recently the 19-kb conjugation region 
from CTnDOT was cloned and sequenced 
(GenBank accession number AF289050). 
There were 17 genes in the transfer region with 
a mol% G+C content of 48-60% (Li et al., 1995; 
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Bonheyo et al., 2001a). All but one of the genes 
encoded apparently novel proteins that have 
never been seen in conjugation systems from 
other Gram-negative or Gram-positive bacteria. 
One gene, traG, encoded a protein that had 
homology to VirB4 or TrsE, which are proteins 
thought to be involved in the translocation of 
DNA across the mating pore. The TraG protein 
also had homology to Bet A, which is required for 
conjugation of pBF4 (Morgan and Macrina, 
1997; Bonheyo et al., 2001a; Bonheyo et al., 
2001b). 

Conjugation also has been the most successful 
technique used for the genetic manipulation of 
Bacteroides spp. Plasmids can be readily trans- 
ferred into any Bacteroides spp. from E. coli 
using the IncP plasmid-based conjugation 
systems such as RK2, RP4, R751 or S17-1 (which 
contains RP4 in the chromosome) as first 
described by Guiney et al. (1984a). The main 
requirements are that the vectors contain an oriT 
recognized by RK2 and a selectable marker such 
as ermF, which can be expressed in a Bacteroides 
spp. host. A wide variety of vectors are currently 
available including suicide vectors for allelic 
exchange or insertional mutagenesis as well as 
replication-competent vectors for complementa- 
tion or gene expression studies. All of these 
plasmids can be transferred at a relatively high 
frequency (10“^-10'^ transconjugants per input 
donor cell) to recipient cells using standard 
mating protocols (Shoemaker et al., 1986; Smith 
et al., 1998; Salyers et al., 2000). The most 
common technique for conjugation experiments 
is to mix donor and recipient cells together and 
deposit them on a 0.45 -pm filter that has been 
placed on an agar plate of suitable growth 
medium. An overnight incubation then is done 
under anaerobic conditions if the donor cells are 
Bacteroides spp., but in cases where E. coli donor 
cells are being used (for recombinant plasmids), 
aerobic incubatation of the mating plate is 
recommended for optimal transfer frequency 
(Shoemaker et al., 1986; Salyers et al., 2000). 
Following overnight incubation, the cells are 
washed off the filter and plated on selective 
media. 

Transformation Although there are no known 
natural genetic transformation systems in the 
Bacteroides, both chemically induced compe- 
tence and electroporation have been successfully 
used for the introduction of plasmid DNA into 
these organisms (Smith, 1985; Smith et al., 1990). 
Electroporation has proven more effective than 
chemical methods of induction, but for both 
methods, transformation has been documented 
only for strains of B. fragilis. Further, the utility 
of transformation as a genetic tool has been lim- 
ited by low transformation frequencies when us- 
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ing plasmid DNA isolated from E. coli. Typical 
transformation frequencies are transfor- 

mants per pg of plasmid DNA for B. fragilis 
strains transformed with plasmid DNA isolated 
from B. fragilis. Frequencies are usually about 
1/10 these values when plasmid DNA was from 
B. uniformis, B. thetaiotaomicron or B. ovatus 
and 1/1000 when the DNA was of E. coli origin 
(Smith et al, 1990). The strong inhibition of 
transformation most likely is due to the effective 
restriction/modification systems present in 
Bacteroides spp. There have been reports of 
restriction enzymes from B. fragilis, B. distasonis, 
B. caccae and B. vulgatus, and the recogni- 
tion sequences for these can be viewed at the 
rebase website (rebase.neb.com/rebase/rebase. 
html). Enzymes with 4- , 5- or 6-bp cleavage sites 
have been identified and the enzymes have been 
shown to produce flush ends or ends with 5' over- 
hangs (Murakami et al., 1990; Murakami et al., 
1991; Reinecke and Morgan, 1991; Azeddoug et 
al., 1992). Thus far the only methylase activity 
demonstrated has been for BfrBl (ATG^CAT) 
from B. fragilis (Azeddoug et al., 1992). The sig- 
nificance of these restriction systems is apparent 
from inspection of the DNA sequence from two 
MTns, Tn4555 and NBUl. These elements (12.1 
and 10.3 kb, respectively) harbor only one Bfal 
(C^TAG) site, two BfrBl sites, and no Bfrl 
(C^TTAAG) sites. Selection against the 
Bacteroides endonuclease recognition sites is ob- 
vious since (for example, in the case of Tn4555) 
one would predict on the basis of the nucleotide 
composition of the element that there would be 
46 Bfal sites (Tribble et al., 1999). 

Bacteriophage The last potential mechanism 
of genetic exchange is transduction mediated 
by bacteriophage. There have been numerous 
reports on the isolation of bacteriophage capable 
of growth on all of the Bacteroides spp. except B. 
vulgatus (Keller and Traub, 1974; Booth et al., 
1979; Cooper et al., 1984; Kory and Booth, 1986). 
These phage are easily isolated, usually from 
sewage effluent, and in one extensive survey, 68 
bacteriophage representing four morphological 
types were isolated (Booth et al., 1979). Each of 
the phage had a narrow host range, infecting only 
Bacteroides species from which it was originally 
isolated. This specificity has been used to devise 
a phage typing scheme to differentiate B. thetaio- 
taomicron and B. ovatus (Cooper et al., 1984). 
There is one report of successful transfection of 
a Bacteroides spp. in which cells of B. thetaio- 
taomicron were transfected with DNA isolated 
from phage (3i, a hexagonal headed DNA bacte- 
riophage (Burt and Woods, 1977). Transfection 
required Ca^^ treatment of cells obtained from 
any stage of growth, and efficiency was 5.5 x 10^ 
PFU per jag of DNA. In these studies and in an 



earlier work with a B. fragilis phage, an unusual 
pseudolysogeny or phage-carrier state was dem- 
onstrated in which phage and bacteria existed 
in equilibrium, but a true lysogen was not 
produced. Despite the widespread presence of 
phage, numerous attempts have failed to demon- 
strate any form of transduction in Bacteroides 
spp. (Booth et al., 1979). 



Ecology and Habitat 

Features of the Gastrointestinal 
Tract Environment 

The Bacteroides spp. are obligate host- 
associated organisms most commonly found in 
the gastrointestinal tract of humans and other 
mammals. All of the Bacteroides spp. also have 
the potential to be opportunistic pathogens 
when translocated to a normally sterile body 
site; thus they can survive outside of their nor- 
mal habitat in a mammalian host. Of the two 
major alimentary tract architectures of mam- 
mals, those with a hindgut fermentation gener- 
ally seem to be preferred, although Bacteroides 
spp. have occasionally been isolated from the 
rumen of sheep or cattle (Holdeman et al., 
1977; Holdeman et al., 1986; Macy, 1984; 
Wood et al., 1998). In hindgut habitats, Bacteroi- 
des spp. are found most frequently distal to the 
stomach where the gastric secretions have been 
diluted and transit times begin to decrease. The 
primary areas of colonization begin in the distal 
small intestine towards the terminal ileum and 
are maximal in the colon (Finegold et al., 1983). 
The intestinal tract should be considered as an 
open ecosystem in which nutrients enter at one 
end and bacterial cells and waste exit from the 
other end. This ecosystem, especially the large 
intestine, is a highly competitive environment in 
which some 500 species of bacteria compete for 
the limiting nutrient supply. A variety of other 
environmental factors also limit or influence the 
growth of microorganisms in this habitat, but 
these are for the most part stable. Temperature 
is maintained at a relatively high level in mam- 
mals, and this leads to high metabolic activity 
and rapid fermentation rates of the flora. The 
pH of the colon varies along its tract from 
slightly acid along the ascending colon to neu- 
trality or slightly above in the descending colon 
(Fallingborg, 1999). These values are thought to 
reflect the relative carbohydrate fermentation 
activity, which is highest as fresh material enters 
the cecum, slows in the transverse colon as 
substrates become limiting, and then finally 
switches to a protein fermentation as carbohy- 
drate is exhausted (Macfarlane and Cummings, 
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1991a). Gas composition and redox potential of 
the colon also are the result of the high level of 
microbial activity. This is an anaerobic environ- 
ment with oxygen at less than 12 mmHg (1.5%) 
and carbon dioxide levels of up to 84 mmHg 
(5-10%; Bornside et al., 1976). Other gases 
present in the environment include hydrogen 
and methane, both of which are products of 
metabolism in a complex anaerobic ecosystem. 
In such highly reducing conditions, the redox 
potential for the intestinal tract usually runs in 
the range of -150 to -350 mV. 

Distribution of Bacteroides spp. in the Colon 
as a Function of Space and Time 

Flora of the Adult Intestinal Tract In ro- 
dents, Bacteroides spp. colonize the upper 
gastrointestinal tract including the stomach and 
small intestine, reaching numbers of 10^ and 
10^ per g wet wt., respectively, but in humans, 
Bacteroides spp. are not routinely isolated from 
either of these locations (Tannock, 1977; 
Finegold et al., 1983; Bernhardt and Knoke, 
1989). Progressing down the tract toward the 
distal small intestine, there is an increase in the 
numbers of Bacteroides spp. until the ileum, 
where the composition of the flora begins to take 
on characteristics typical of the colonic flora with 
numbers of Bacteroides spp. reaching 10^ per g 
wet wt. However, this flora and that of the cecum 
generally have fewer numbers and a lesser per- 
centage of Bacteroides than are encountered 
further down the tract (Marteau et al., 2001). The 
large intestine is the primary site of Bacteroides 
colonization, in which these organisms can ac- 
count for ca. 30% of the total microbial 
population in humans as determined by direct 
culture methods (Finegold et al., 1974; Moore 
and Holdeman, 1974; Holdeman et al., 1976; 
Duerden, 1980). Similarly, using an oligonu- 
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cleotide hybridization approach to detect 16S 
rRNA, Bacteroides-s^Qci^c probes were found to 
account for 37% of the total bacterial rRNA in 
fecal samples, thus upholding the findings from 
direct culture methods (Sghir et al., 2000). 

Each of the Bacteroides spp. is isolated from 
the colon in high numbers (10^-10^^ per g dry wt), 
but there is considerable variation from person 
to person and there seems to be an important 
contribution of diet and culture on the distribu- 
tion of Bacteroides spp. (Table 3). Bacteroides 
thetaiotaomicron and B. vulgatus are generally 
considered to be the most numerous species in 
the colon, sometimes accounting for more than 
20% of the total flora; however, variable isola- 
tion, even of these numerous species, is observed 
from individuals on certain diets (e.g., Japanese 
diet with no beef) (Finegold et al., 1974; Moore 
and Holdeman, 1974; Holdeman et al., 1976; 
Duerden, 1980). Next B. distasonis and B. egger- 
thii appear to be important residents of most 
flora, consistently isolated from up to 64% of 
subjects. In some cases though, the data are lim- 
ited since earlier studies on fecal flora often did 
not recognize B. eggerthii, and B. thetaiotaomi- 
cron was a compilation of several species. The 
last two species for which there are sufficient 
data, B. ovatus and B. fragilis, are the least com- 
mon of the Bacteroides intestinal isolates from 
subjects on most diets, but in one study, B. fragilis 
was the most common Bacteroides spp. (8.7% of 
flora) isolated from fecal samples of rural native 
Africans (Moore and Moore, 1995). It is interest- 
ing to note here that even though B. fragilis gen- 
erally is a small percentage of the total microbial 
population in the colon, it is by far the most 
frequently isolated species from clinical speci- 
mens (Finegold and George, 1989). Finally, there 
has been considerable discussion and study on 
the effect of diet on the composition of the 
colonic microflora and in general the results tend 



Table 3. Presence of Bacteroides spp. in the fecal flora of humans and animals. 





Count/g 
dry wt 
(mean) 


Human flora 
Percent of 
total flora 
(range) 


Percent of 
positive 
samples 
(range) 


House 

pets 


Swine 


Cattle 


Sheep 


Poultry 


Horse 


Rodent 


B. thetaiotaomicron 


4.5 X 10“ 


1.0-8.9 


67-100 


X 


X 


X 


X 


X 


X 


X 


B. vulgatus 


4.2 X 10“ 


7.5-13.1 


47-100 


X 


X 


X 


X 


X 


0 


0 


B. distasonis 


2.9 X 10“ 


1.3-6.0 


36-64 


X 


X 


X 


X 


X 


0 


0 


B. eggerthii 


2.8 X 10“ 


nd 


2.1-5.0 


nd 


nd 


nd 


nd 


nd 


nd 


nd 


B. fragilis 


2.3 X 10“ 


0.3-8.7 


17-68 


0 


X 


0 


X 


0 


0 


0 


B. ovatus 


0.8 X 10“ 


0.1-2.6 


17-44 


0 


0 


0 


0 


X 


0 


0 



Abbreviations: X, organism is present; 0, organism not present; and nd, analysis not done. 

From Finegold et al. (1974, 1983), Moore and Holdeman (1974), Holdeman et al. (1976), Robinson et al. (1981), Macy (1984), 
Moore et al. (1987), and Moore and Moore (1995). 
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to show that while some differences do exist, 
there is a remarkable similarity in the makeup of 
the flora, with each of the Bacteroides spp. 
comprising 0.1-12% of the flora and B. vulgatus 
being ranked as the first or second most common 
fecal isolate (Finegold et al., 1974; Moore and 
Holdeman, 1974; Holdeman et al., 1976; 
Duerden, 1980; Finegold et al., 1983; Moore and 
Moore, 1995). Only through continued study of 
the flora will it be possible to determine the sig- 
nificance of these variations. 

Colonization of the Infant Intestinal Tract 
At birth the human colon is sterile, but within 
hours colonization begins and proceeds as a 
predictable succession of bacterial populations. 
Colonization occurs in several phases and can be 
influenced by diet, i.e., whether the infant is 
breast-fed or bottle-fed. Initially, colonization is 
by the facultative anaerobes, Enterohacteriaceae 
and enterococci, which apparently provide the 
anoxic environment suitable for the next phase 
of colonization by Bifidobacterium spp., followed 
closely by the appearance of the Clostridium and 
Bacteroides by the end of the first week (Long 
and Swenson, 1977; Cooperstock and Zeed, 
1983). In bottle-fed infants, the anaerobic popu- 
lations continue to develop and the levels of fac- 
ultative species are maintained. Bacteroides 
fragilis, B. vulgatus and B. ovatus are among the 
most common of the Bacteroides spp. being 
isolated from 20-75% of samples (Cooperstock 
and Zeed, 1983; Mevissen-Verhage et al., 1987). 
In contrast, in breast-fed infants, the Bacteroides, 
Clostridium and the facultative species all 
decline or disappear after about the first week 
and the Bifidobacterium spp. predominate. Once 
dietary supplements are introduced to the 
infants, the Clostridia, bacteroides, and other fac- 
ultative and obligate anaerobes appear in higher 
numbers. After weaning, the flora begins to take 
on characteristics of the adult as the facultative 
species decline, and by two years of age, the nor- 
mal flora is well established (Cooperstock and 
Zeed, 1983). 

Bacteroides spp. in Animals The intestinal 
tracts of many animals also are a source of 
Bacteroides spp. (summarized in Table 3), but 
their concentration is generally much lower. 
Commonly, B. vulgatus and B. distasonis are 
associated with house pets, and B. thetaiotaomi- 
cron is a common inhabitant of the rodent gas- 
trointestinal tract (Tannock, 1977; Macy, 1984; 
Kreader, 1995; Wang et al., 1996). A notable 
member of the swine intestinal microflora is B. 
uniformis, which has been consistently isolated 
at a level of 1-3% of the flora (Robinson et al., 
1981; Moore et al., 1987). Bacteroides fragilis 



also has been a common isolate from sick and 
healthy lambs, calves, and other livestock where 
it is often associated with a diarrheal disease of 
young animals (Border et al., 1985; Myers et al., 
1985; Myers and Shoop, 1987). 

Indicators of Fecal Pollution Even though 
Bacteroides spp. are associated with animals, the 
numbers are low, and it has been suggested that 
the Bacteroides might be useful indicators of 
human fecal pollution, since they do not repli- 
cate in the environment and they are highly cor- 
related with their human hosts. Direct culture 
methods were originally used to show that 
Bacteroides spp. rapidly died off in water samples 
and that animal feces were not a significant 
source of contamination (Allsop and Stickler, 
1984; Allsop and Stickler, 1985). Recently two 
new approaches have been used for the detec- 
tion of these organisms in environmental 
samples. First is the enumeration of B. fragilis 
bacteriophages in which standard strains are 
used to propagate phage from water samples 
(Tartera and Jofre, 1987; Tartera et al., 1989; 
Cornax et al., 1990). The idea is that the phage 
could only originate from recent human contam- 
ination, since the Bacteroides do not grow (and 
hence could not support phage replication) out- 
side of the human. Using this approach, it has 
been shown that phage can be found in about 
10% of human fecal samples, but they were not 
found in the feces of other animals. Samples 
from sewage and recently contaminated river 
water also contained the phage, but none were 
found in slaughterhouse effluents or waters con- 
taminated by wildlife. Similarly, a strategy based 
on the use of polymerase chain reaction (PCR) 
to screen for the presence of the 16S rRNA gene 
has shown promise (Kreader, 1995; Kreader, 
1998). In this report, results similar to direct cul- 
ture methods were obtained. Only 7-11% of 
nonhuman fecal samples were positive for the 
Bacteroides spp. probes, whereas nearly 80% of 
the human samples were positive. Taken 
together, the three methods have resulted in 
similar data and suggest that use of Bacteroides 
spp. as pollution indicators warrants further 
study. 



Role of Bacteroides spp. 
in Colon Physiology 

As the predominant microbial group in the large 
intestine, Bacteroides spp. are thought to contrib- 
ute to a wide array of normal physiological func- 
tions in the intestinal tract. Some of the most 
significant activities in which Bacteroides spp. 
directly participate are polysaccharide digestion, 
nitrogen cycling, bile acid metabolism, and vari- 



398 CJ. Smith, E.R. Rocha and BJ. Paster 

ous Other transformation reactions including the 
production of fecal mutagens. 



Polysaccharide Digestion The fermentation 
of polysaccharides is a major activity of the large 
intestine. It has been estimated that 50-70 g of 
substrate enter the colon and that the end prod- 
ucts (short chain fatty acids) of this fermentation 
can meet about 7-10% of the human daily 
energy allowance (Smith and Bryant, 1979). The 
two major sources of fermentable substrate are 
dietary plant polysaccharides and host-derived 
polysaccharides. The plant-derived carbohy- 
drates are primarily in the form of resistant 
starch that has escaped digestion in the upper 
gastrointestinal tract and dietary fiber composed 
of cellulose, hemicellulose, arabinogalactans, 
xylans and pectins that are not digested by the 
host (Macfarlane and Cummings, 1991a). Carbo- 
hydrate sources from the host come primarily 
from intestinal tract secretions and include 
mucins and mucopolysaccharides such as 
chondroitin sulfates. As discussed in the section 
Metabolism, the Bacteroides spp. are meta- 
bolically versatile with a wide array of 
polysaccharide-degrading enzymes, which make 
them well suited to compete for these substrates 
(Table 1). In one study, DNA probes used to 
enumerate the predominant polysaccharide- 
degrading Bacteroides spp. from feces resulted in 
data that were for the most part consistent with 
previous direct culture counts (Kuritza et al., 
1986a). The somewhat less versatile organisms, 
B. vulgatus and B. uniformis, were found at 
slightly higher levels (1.2-3.0 x 10^^) than B. 
thetaiotaomicron (1 x 10^^), which can use a 
wider array of host and plant polysaccharides. 
Bacteroides ovatus was below the level of detec- 
tion (<2 X 10^). Work with ex-germ-free mice 
suggests that utilization of the host-derived 
polysaccharides may be less important than 
dietary sources for colonization, at least on 
standard mouse chow diets. In one study, B. 
thetaiotaomicron mutants lacking the ability to 
utilize chondroitin sulfate were not outcompeted 
by wildtype strains in the intestinal tract unless 
the mutations caused the inability to utilize N- 
acetylgalactosamine, one of the component 
sugars of chondroitin sulfate (Salyers et al., 
1988). Further, there was no evidence for the 
expression of proteins in the chondroitin sulfate 
utilization pathway during growth of B. thetaio- 
taomicron in the intestine. Another study with B. 
thetaiotaomicron suggested that perhaps these 
organisms have maximized their ability to utilize 
small quantities of a variety of carbohydrate 
sources as a strategy for survival in the gut 
(Salyers and Pajeau, 1989). In this work, mutants 
lacking the ability to utilize starch or polygalac- 



CHAPTER 6.1 

turonic acid were not outcompeted by the wild- 
type strains. In contrast, mutations causing a 
defect in utilization of the component sugars of 
these polysaccharides did in fact result in a col- 
onization defect. The concept was supported by 
studies on the expression of disaccharidases from 
B. ovatus growing in the cecum of ex-germ-free 
mice (Valentine and Salyers, 1992). The authors 
found that disaccharidase activities were not 
induced as would be expected during growth on 
specific polysaccharides such as xylan or ara- 
binogalactan. Rather, the level of activity of the 
four disaccharidases seemed to be low, suggest- 
ing that a mixture of substrates might be present 
in the environment. In other work with B. ovatus, 
mutants unable to utilize guar gum (galactoman- 
nan) or lacking a-galactosidase III were deficient 
in colonization of germ-free mice (Valentine et 
al., 1991). The authors interpreted these results 
as suggesting that the loss of even a minor sub- 
strate for B. ovatus was critical for its ability to 
compete. Overall, there is a paucity of good 
information on in vivo substrate utilization and 
this hinders sound interpretation of these mutant 
studies. 



Protease Activity Nitrogen turnover in the 
colon is an efficient process with approximately 
similar amounts of nitrogen entering the tract 
from the ileum as are being excreted. Most of the 
nitrogen input (70-80%) is in the form of protein 
and peptides derived from the host or diet. By 
comparison, excreted nitrogen is more than 50% 
bacterial protein (Stephen and Cummings, 1980; 
Stephen, 1987; Chacko and Cummings, 1988). 
Thus there is a high degree of protein turnover 
in the colon, indicating that this must be a highly 
proteolytic environment. Although many of the 
species in the colon such as the Clostridia are 
more proteolytic than the Bacteroides spp., the 
sheer numbers of the later species ensure them 
of a dominant role in protein degradation. Stud- 
ies on colonic protein digestion are limited, but 
one study using an azocasein hydrolysis assay 
localized the majority of proteolytic activity to a 
particulate fraction containing either bacterial 
cells or activity tightly bound to particles 
(Macfarlane et al., 1986). The dominant pro- 
teolytic organisms in these samples were 
Bacteroides spp., which were present at about 
three orders of magnitude greater than other 
proteolytic genera such as Propionibacterium, 
Clostridium and Enterococcus. The protease 
activity of these organisms was cell bound and 
not measurably secreted into the medium. These 
results were verified using pure cultures of B. 
fragilis and B. vulgatus, which also had high 
levels of cell-bound protease activity. Similar 
studies with B. thetaiotaomicron revealed much 
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lower levels of protease activity (Macfarlane et 
al, 1986). In more detailed studies of a B. fragilis 
strain, it was found that three major proteases 
(34, 52 and 73 kDa) were produced and that 
these were largely membrane-associated, 
although one was released in the periplasm 
(Gibson and Macfarlane, 1988a). Inhibitor stud- 
ies suggested that these proteases were a mixture 
of a serine, a cysteine, and a metallo-protease. 
The proteases had a limited substrate range with 
activity on casein, trypsin, chymotrypsin, azo- 
casein but very little (or no) activity on collagen, 
azocoll, gelatin, bovine serum albumin, and elas- 
tin. The protease activity was constitutively 
expressed under a variety of growth conditions 
and throughout the growth cycle, but during 
stationary phase, the cells did release some 
activity into the supernatant (Gibson and 
Macfarlane, 1988b). Protease activity was opti- 
mal at alkaline pH, suggesting that it would be 
well suited for the descending colon where pH 
rises as a result of proteolytic activity of the gut 
microflora (Gibson and Macfarlane, 1988a). 
Nitrogen cycling in the large intestine goes 
beyond protein turnover, and the Bacteroides 
spp. have a variety of enzymes such as glutamate 
decarboxylase or deaminases that contribute to 
these functions, but there is little in the way of 
direct assessment of these activities in different 
bacterial groups. 

Bile Acid Metabolism Another important 
metabolic activity of the colon is the transforma- 
tion of bile acids and steroids. The primary bile 
acids, cholic and chenodeoxy cholic acid conju- 
gated on their carboxyl groups with either gly- 
cine or taurine, are synthesized in the liver from 
cholesterol and secreted into the small intestine. 
The enterohepatic circulatory system returns 
most of these compounds to the liver, but a 
sizable portion escapes to the colon, where they 
are immediately deconjugated (>80%), leaving 
the free bile acid present in the feces (Larson, 
1988). The bile acid hydrolases (BAHs) are 
responsible for this activity, and they are pro- 
duced by a number of intestinal anaerobes 
including Bacteroides spp. The enzyme activity 
has been found in B. fragilis, B. thetaiotaomicron, 
B. ovatus and some strains of B. distasonis and 
B. vulgatus (Stellwag and Hylemon, 1976; 
Kawamoto et al., 1989). When BAH is found in 
these strains, it is always accompanied by a sec- 
ond transformation activity, 7-a-hy dr oxy steroid 
dehydrogenase, suggesting there may be some 
coordinate regulation of these two enzymes 
(Stellwag and Hylemon, 1976). While most 
reports indicate that the BAHs are constitutive, 
one report found that in B. fragilis, where BAH 
is periplasmic, the enzyme was produced in a 
growth-rate-dependent manner with significant 



induction during the stationary phase of growth 
(Hylemon and Stellwag, 1976). The enzymes 
(subunit mol wt of 32-36 kDa) do not seem to 
be highly oxygen sensitive and generally have a 
pH optimum in the acid range. Both taurine and 
glycine conjugates of the primary bile acids are 
rapidly hydrolyzed, but some of the conjugates 
of secondary bile acids were not hydrolyzed 
(Stellwag and Hylemon, 1976; Masuda, 1981; 
Larson, 1988). 

As mentioned, several of the Bacteroides spp. 
have 7-a-hydroxy steroid dehydrogenase, which 
is required (in part) for epimerization of the 7- 
hydroxyl group. Several types of these enzymes 
differ with respect to their pyridine nucleotide 
specificity, but interestingly B. thetaiotaomicron 
and some strains of B. fragilis possess both NAD- 
and NADP-linked enzymes (MacDonald et al., 
1975). In B. fragilis, enzyme activity was located 
in the cell membrane and cytoplasmic fractions, 
and in one report, it was concluded that the 
enzyme was expressed throughout the growth 
cycle (Hylemon and Sherrod, 1975; Hylemon 
and Stellwag, 1976). In contrast, both the NAD- 
and NADP-linked activities of B. thetaiotaomi- 
cron were coordinately induced in stationary 
phase. None of the Bacteroides spp. are known 
to possess the 7-(3-hydroxysteroid dehydroge- 
nase activity, so they are not responsible for the 
complete epimerization of the molecule. At the 
present time, the role of these transformations in 
the physiology of the Bacteroides is not clear. It 
has been suggested that the enzymes may play 
some role in energy metabolism, but no data 
support this idea. 

Transformations of Toxic and Mutagenic 
Compounds The production of toxic com- 
pounds and fecal mutagens has been a topic of 
considerable interest due to their implied poten- 
tial role in colon cancer. It has been known for 
some time that the intestinal microflora have the 
ability to transform substrates with possible tox- 
icological consequences and that a mutagenic 
potential is associated with the microflora. The 
Bacteroides exhibit a wide array of activities that 
can participate in these transformations, and 
owing to their high numbers in the colon, it is 
likely they play a significant role. One class of 
hydrolytic enzymes that is important for many 
transformations are the glycosidases. The diet 
provides a number of plant glycosides, which 
when hydrolyzed release aglycones, some of 
which are toxic or mutagenic. In one recent 
report, it was shown that in samples obtained 
from colon contents, most of the glucosidase 
activities were associated with the bacterial frac- 
tion and that this activity increased in the distal 
colon (McBain and Macfarlane, 1998). Most 
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probable number estimates indicated that there 
were approximately 10^^ bacteria per g of con- 
tents with glucosidase activity. Screening of 
strains representing the colonic microflora indi- 
cated that B. fragilis, B. ovatus and B. vulgatus 
displayed some of the highest glucosidase 
activities (McBain and Macfarlane, 1998). This is 
not surprising since as discussed above (see 
Metabolism), the Bacteroides spp. possess high 
levels of glycosidase activity with broad substrate 
specificities. 

Glucuronides are formed in the liver where 
they are important for the detoxification of 
xenobiotic compounds. These xenobiotic conju- 
gates are excreted in the bile and end up in the 
colon where levels of p-glucuronidase of micro- 
bial origin are high (Hawks worth et al., 1971; 
Larson, 1988). The hydrolysis of the glucu- 
ronides can result in the production of toxic 
compounds in the gut, from which they can be 
reabsorbed rather than excreted in the feces. 
Glucuronidase activity has been found through- 
out the colon but apparently is highest in the 
proximal colon (McBain and Macfarlane, 1998). 
When normal flora isolates are examined for (3- 
glucuronidase activity, the Bacteroides spp. are 
well represented, although not all species or 
strains of a given species express this activity. 
Strains of B. fragilis and B. vulgatus were among 
the most active when using p-nitrophenyl-D- 
glucuronide as the substrate (Berg et al., 1980; 
McBain and Macfarlane, 1998), but examination 
of a B. vulgatus strain isolated from a Crohns 
disease patient revealed only small amounts 
of p-glucuronidase (Ruseler-van Embden et 
al., 1989). In another study ninety-seven p- 
glucuronidase-positive strains were isolated 
from feces, and the majority of these were 
Bacteroides spp., but the highest activities were 
found in Peptostreptococcus spp. and Clostrid- 
ium spp. (Nanno et al., 1986). Further, it also 
was shown that the p-glucuronidase activity of 
the Bacteroides isolates could in fact release 
mutagenic metabolites from benzo(a)pyrene 
conjugates. 

The Bacteroides are host to a variety of other 
enzymatic activities that might contribute to the 
toxic or mutagenic potential of feces including 
azo-reductases and nitro-reductases, but little 
data are available on the distribution of these 
enzymes (Chung et al., 1978; Kinouchi et al., 
1982). However, several Bacteroides spp. have 
been directly implicated in production of fecal 
mutagens in the fecapentaene class. These are 
highly potent, 12 or 14 carbon glyceryl ether lip- 
ids with a conjugated pentaene chain, and they 
are strongly mutagenic in the Ames test (Gupta 
et al., 1983; Hirai et al., 1985). The actual precur- 
sor(s) of these compounds is not known, and not 
all people produce high levels of the precursor. 



CHAPTER 6.1 

but it is produced endogenously, requires anaer- 
obic conditions, requires pH >6, and requires the 
presence of Bacteroides spp. (van Tassel et al., 
1982; Hirai et al., 1985). In a survey of organisms 
capable of producing this activity, only Bacteroi- 
des spp. were active, and cells needed to be in 
stationary phase of the growth cycle (van Tassel 
et al., 1982). All of the B. thetaiotaomicron strains 
and 70% of B. fragilis were capable of producing 
the fecal mutagen, and several isolates of B. ova- 
tus and B. uniformis also had the activity. Thus, 
there is no doubt that these mutagens are 
actively produced in the colon, but it is less clear 
whether they are clinically significant or linked 
to colon cancer. 



Role of Bacteroides spp. in Development of 
the Intestinal Tract 

It has been known for some time that when 
compared to conventional animals, the gas- 
trointestinal tract of germ-free animals is mark- 
edly altered in its morphology and function 
(reviewed in Abrams, 1983). The cecum of germ- 
free mice is greatly enlarged and can account for 
1/4 of the body weight. In contrast, the intestine 
of germ-free animals is smaller with about 15- 
30% less surface area and fewer villi, which are 
smaller in size (Gordon and Bruckner-Kardoss, 
1961; Wells and Balish, 1980), and many histo- 
logical differences including a poorly developed 
lamina propria and smaller Peyers patches that 
lack the characteristic germinal centers. Taken 
together, all of these changes result in a 
somewhat altered function of the tract, but 
association of the gastrointestinal tract with its 
indigenous microflora can reverse each of these 
changes (Abrams, 1983; Falk et al., 1998). In this 
regard, the analysis of intestinal epithelial sec- 
tions from ex-germ-free rats monoassociated 
with B. fragilis revealed histological characteris- 
tics similar to those of conventional animals, 
including a thick lamina propria and normal villi 
(Wells and Balish, 1980). 

Owing to their prominence in the normal flora, 
Bacteroides spp. are likely to be important for 
the normal development of the tract, but until 
recently, there was very little progress in deci- 
phering the role of these or any organisms. A 
new model system in which genetically engi- 
neered B. thetaiotaomicron are used to colonize 
germ-free mice has been developed to elucidate 
specific interactions between the microbe and its 
host (Bry et al., 1996). Using this system, the 
normal pattern of production of fucosylated 
gly coconjugates on the surface of the intestinal 
epithelium was shown to be regulated at the level 
of transcription by B. thetaiotaomicron strains 
able to utilize fucose as a carbon source but not 
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by mutants disrupted in the fucose pathway 
(Hooper et al, 1999). It now appears that the 
microbe uses an inducer (FucR) to regulate its 
fucose utilization in response to the presence of 
the fucosylated gly coconjugates, and it also con- 
trols the synthesis of these via a FucR-regulated 
factor that modulates the synthesis of an a-1,2- 
fucosyltransferase in the intestinal cells. This 
coordinated expression program clearly benefits 
the microbe, but its importance to the host is less 
clear. The use of this model system was recently 
expanded in a study where transcription in intes- 
tinal epithelial cells was analyzed by DNA 
microarrays in response to colonization with B. 
thetaiotaomicron (Hooper et al., 2001). The 
results showed that a variety of mRNAs such as 
colipase, glutathione S-transferase, adenosine 
deaminase, angiogenin-3, lactase-phlorizin 
hydrolase, metallothionein I, and others were 
modulated by colonization. It was possible to 
determine that some of these genes were directly 
influenced by B. thetaiotaomicron, whereas 
others required different components of the 
microflora. Another study that examined the 
expression of matrilysin I, a matrix metallo- 
protease, concluded that induction of activity 
required colonization with B. thetaiotaomicron 
and that a soluble factor, not adherence to cells, 
was responsible for the appearance of matrilysin 
activity (Lopez-Boado et al., 2000). Overall, 
these new data support the idea that interactions 
between the gut flora and the gut are going to 
be exceedingly complex. Using these defined, 
genetically manipulable systems, it should be 
possible to learn more about the biochemical 
signals used to communicate between the host 
and microbe, allowing them to establish this 
exceptionally stable symbiosis. 



Virulence and Pathogenesis 

Association with Infection 

The high frequency of Bacteroides spp. isolated 
from human infections underscores their patho- 
genic potential. These organisms account for 
approximately two thirds of all anaerobes iso- 
lated from clinical specimens. Bacteroides fragilis 
is a minor component of the species present in 
the human gut (generally <1% of the flora), but 
it accounts for about 50% of all anaerobes iso- 
lated from cases of intra-abdominal infections, 
infections of the female genital tract, deep 
wounds, and bacteremia (Finegold and George, 
1989). The isolation of different Bacteroides spp. 
varies somewhat, but because antibiotic suscep- 
tibility patterns of the different species are 
heterogeneous, it is important to identify the 
species (Brook, 1989). In this regard, B. fragilis 



accounted for 63% of all B. fragilis group iso- 
lates, B. thetaiotaomicron for 14%, B. vulgatus 
and B. ovatus for 7% each, B. distasonis for 6%, 
and B. uniformis for 2%. The prevalence of B. 
fragilis in clinical specimens compared to the 
other members of the Bacteroides also was 
reviewed by Goldstein and Citron (1988). 
Bacteroides fragilis was the predominant species 
accounting for 45-69% of all Bacteroides iso- 
lated. Bacteroides thetaiotaomicron was the sec- 
ond most frequent isolate (8-20%), and the 
other species were the least frequently isolated 
(0-10%). Some recent data summarizing the dis- 
tribution of Bacteroides spp. by site of infection 
are provided in Table 4. The virulence of B. fra- 
gilis is highlighted by its high frequency of recov- 
ery from blood cultures compared to other 
species of the genus. However, many factors 
must be considered when describing the patho- 
genic potential of an organism. For example, in 
cases of bacteremia, B. fragilis was isolated from 
more cases, though the mortality rate following 
B. thetaiotaomicron was higher (38%) compared 
to B. fragilis (24%; Brook, 1989). A controlled 
study to determine the true attributable mortal- 
ity rate and mortality risk ratio found an excess 
of 19% attributable to Bacteroides spp. bactere- 
mia. In addition, the presence of Bacteroides spp. 
bacteremia was independently associated with a 
nearly fivefold increase in relative risk of death 
(Redondo et al., 1995). 

Bacteroides generally cause opportunistic 
infections that can occur any time the integrity 
of the mucosal wall of the intestine is compro- 
mised. Common predisposing conditions are gas- 
trointestinal surgery, perforated or gangrenous 
appendicitis, perforated ulcer, diverticulitis, 
trauma and inflammatory bowel disease 
(Sheehan and Harding, 1989). Following inocu- 
lation of the site, a typical infection occurs in two 
phases. First is initiation, where the organisms 
need to adhere to a surface, resist clearing mech- 
anisms and other host defenses, and withstand 
the increased oxygen tensions. Next, an abscess 
is formed where the organisms must be able to 
persist in an environment that is populated by 
numerous host cells and in which resources 
become limited owing to the metabolism of a 
large bacterial population. During the course of 
these two phases, Bacteroides spp. need to 
express a variety of different virulence factors. 
These will include cell surface structures such as 
capsular polysaccharide and lipopolysaccharide, 
adherence mechanisms, production of proteases, 
hydrolytic enzymes, neuraminidase, ability to 
scavenge iron from the host, production of 
enterotoxin in certain strains, and the ability to 
avoid host defense mechanisms. The specific 
Bacteroides virulence factors will be discussed 
next in the section Virulence Mechanisms; how- 
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Table 4. Distribution of the Bacteroides fragilis group species isolated from clinical specimens. 











Percentage of total 








Sites of infection 


Number of 
isolates 


B. 

fragilis 


B. B. 

thetaiotaomicron ovatus 


B. 

vulgatus 


B. 

distasonis 


B. 

uniformis 


References 


Blood 


165 


78 


14 


4 


3 


2 


0 


Brook, 1988 




163 


71 


17 


4 


5 


2 


0 


Cuchural et al., 
1988 


Abdomen 


236 


59 


14 


9 


8 


9 


1 


Brook, 1988 




408 


57 


19 


12 


5 


6 


0 


Cuchural et al., 
1988 


Abscess or wound 


506 


66 


15 


7 


4 


5 


2 


Brook, 1988 




112 


66 


16 


7 


8 


3 


0 


Cuchural et al., 
1988 


Pelvic 


183 


56 


7 


5 


20 


10 


2 


Brook, 1988 




69 


61 


20 


6 


12 


1 


0 


Cuchural et al., 
1988 


Bile 


22 


41 


18 


18 


9 


9 


5 


Brook, 1988 




15 


80 


7 


6 


6 


0 


0 


Cuchural et al., 
1988 


Bone 


3 


100 


0 


0 


0 


0 


0 


Brook, 1988 




22 


67 


19 


14 


0 


0 


0 


Cuchural et al., 
1988 


Skin and soft tissue 


280 


64 


19 


10 


2 


3 


0 


Cuchural et al., 
1988 


Sinuses 


4 


50 


25 


0 


25 


0 


0 


Brook, 1988 


Tumors 


16 


15 


19 


6 


0 


0 


0 


Brook, 1988 


Perinatal 


40 


37 


13 


3 


33 


13 


0 


Cuchural et al., 
1988 


Lower respiratory 
tract 


10 


70 


0 


0 


20 


10 


0 


Cuchural et al., 
1988 


Drainage 


28 


77 


7 


9 


7 


0 


0 


Cuchural et al., 
1988 



ever, the reader should bear in mind that many 
of these factors reflect work done with B. fragilis, 
since this is the most pathogenic species and the 
majority of work on pathogenesis has focused on 
this organism. 



Virulence Mechanisms 

Capsular Polysaccharides The capsular 
polysaccharide complex (CPC) is a major factor 
associated with virulence and pathogenicity. 
For example, encapsulated strains were demon- 
strated to be more virulent than nonencapsu- 
lated strains by their higher rate of induction of 
bacteremia and greater enhancement of growth 
compared to other bacteria in mixed infections 
(Brook, 1989). An abscess is the hallmark of a 
Bacteroides infection, and formation of an ab- 
scess is a pathological response of the immune 
system to the presence of the B. fragilis CPC. 
Bacteroides fragilis is the only bacterium that 
has been shown to induce abscess formation 
when present as the sole infecting organism 
(Onderdonk et al., 1977). Using an experimental 
abscess model, it has been shown that implanta- 



tion of cell-free CPC into the peritoneal cavities 
of rats induced formation of intra-abdominal ab- 
scesses. Most bacterial polysaccharides stimulate 
an antibody-mediated response, but B. fragilis 
capsule stimulates a T-cell mediated response 
(Shapiro et al., 1986). 

CPC is involved in the abscess formation in 
several ways. The first is adherence, which is 
presumed to increase resistance to peritoneal 
clearance. The ability of B. fragilis and other 
Bacteroides to adhere to rat peritoneal mesothe- 
lium was shown to be due to the presence of 
capsular polysaccharide, while nonencapsulated 
species were less adherent (Onderdonk et al., 
1978). In experimental intra-abdominal infec- 
tions, the adherence of B. fragilis group species 
to peritoneal mesothelium was an advantage 
allowing it to outcompete other intestinal species 
following fecal contamination (Edmiston et al., 
1990). However, immunization with capsular 
polysaccharide failed to reduce adherence 
(Onderdonk et al., 1977). In contrast, purified 
capsular polysaccharide alone inhibited B. fragi- 
lis adherence to rat peritoneal mesothelium 
(Onderdonk et al., 1978). As can be seen by 
these sometimes conflicting reports, much is still 
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not understood about the role of capsule, but 
clearly it is a major virulence factor that contrib- 
utes to all phases of the infections. The second 
role of the B. fragilis CPC is its direct effect on 
immune system cells which results in secretion of 
cytokines. In vitro murine resident peritoneal 
cells and human peritoneal blood leukocytes 
respond to B. fragilis CPC by increased produc- 
tion of tumor necrosis factor alpha (TNF-a) and 
interleukin-8 (IL-8), respectively. This leads to 
recruitment of polymorphonuclear leukocytes 
(PMNs) and significant upregulation of inter- 
cellular adhesion molecule-1 (ICAM-1) on the 
mesothelial cells in the location of the adherent 
bacteria. This leads to accumulation of PMNs 
and initiation of abscess formation (Gibson et 
al., 1996; Gibson et al., 1998). Finally, CPC can 
aid in phagocytosis inhibition (Simon et al., 
1982). 

Immunochemical studies revealed that the 
surface polysaccharides of B. fragilis populations 
are antigenically heterogeneous. The antigenic 
composition varies within a bacterial population 
apparently by switching the expression of 
epitopes (Lutton et al., 1991; Patrick et al., 1999). 
TTiis antigenic variation is presumed to be rele- 
vant to the virulence of B. fragilis (Lutton et al., 
1991). The nature of the B. fragilis capsular 
polysaccharide complex has been elucidated and 
is composed of distinct polysaccharide structures 
containing a zwitterionic motif of repeated units 
of positively and negatively charged groups 
(Tzianabos et al., 1993). It was demonstrated 
that the presence of these charged groups was 
essential to induce intra-abdominal abscess in a 
rat model (Tzianabos et al., 1993). Using a com- 
bination of mutational and genome analysis 
(Krinos et al., 2001), it was shown that B. fragilis 
produces eight distinct polysaccharides desig- 
nated PSA, PSB, PSC, PSD, PSE, PSF, PSG, and 
PSH. These eight capsule loci utilize an unprec- 
edented amount of bacterial genome with about 
133 kb dedicated to the synthesis of capsular 
polysaccharides. This, in fact, comprises about 
2.5% of the whole B. fragilis genome. Each of 
these capsule loci is regulated independently by 
an ON-OFF phase variation mechanism, which 
results in the expression of different combina- 
tions of the eight polysaccharides within the 
same population, yielding mixed phenotypes 
(Krinos et al., 2001). This regulation involves 
the inversion of each individual transcription 
promoter regulatory region, resulting in an ON- 
OFF switch for each locus. The complex phase- 
variation control and the exorbitant number of 
capsule polysaccharides demonstrate the impor- 
tance of polysaccharide surface diversity with 
implications for the physiology, ecology and 
virulence of this microorganism (Krinos et al., 
2001 ). 



Studies have demonstrated that PSA seems 
to have the essential composition for intra- 
abdominal abscess formation in animals, since a 
PSA mutant had a drastic reduction in abscess- 
inducing capability compared to parent strain 
(Coyne et al., 2001). In this regard, PSA is 
conserved in all serotypes tested, and this is 
consistent with the ability to induce abscess. 
Purified PSB alone is able to induce an abscess 
in vivo, but disruption of the PSB or PSC oper- 
ons did not abolish abscess formation compared 
to wildtype strain (Comstock et al., 1999; Coyne 
et al., 2000). 



Adherence The ability of a microorganism to 
adhere to host tissues is an important initial step 
in the colonization and multiplication in a host. 
The adhesive properties of R fragilis are con- 
sidered to be an important component of its 
virulence mechanism. It has been shown that 
adherence to a host cell is mediated by surface 
structures such as the capsular polysaccharide or 
pilus (fimbriae). Bacteroides fragilis isolates from 
abscesses and blood have a strong hemagglutina- 
tion activity compared to strains isolated from 
nonclinical strains (Guzman et al., 1997). Some 
studies have shown that the increased ability of 
B. fragilis to adhere to laminin in vitro might be 
an advantage when compared to other poten- 
tially infecting species, and this could be part of 
the reason why B. fragilis is so successful as a 
pathogen (Eiring et al., 1995). 

Pili- or fimbriae-like structures have been 
associated with B. fragilis adherence to epithelial 
cells and with red blood cell hemagglutination 
(Pruzzo et al., 1989; Brook and Myhal, 1991); 
however, other studies have demonstrated that 
adherence to red blood cells can be mediated by 
either capsule or pili-like structures (Guzman et 
al., 1997). Perhaps both structures act together 
to potentiate hemagglutination activity, since 
elimination of either pili or capsule reduces but 
does not abolish adherence (Guzman et al., 
1997). Adherence of piliated and encapsulated 
strains of B. fragilis and B. ovatus to intestinal 
cells and mucus was shown to be at least five 
times greater than adherence of their nonpiliated 
or nonencapsulated counterparts (Brook and 
Myhal, 1991). Nevertheless, reports conflict 
regarding the role of fimbriae in B. fragilis. The 
studies of Oyston and Handley (1991) have 
shown no correlation between fimbriae and 
hemagglutination, even though fimbriae were 
actually isolated from the B. fragilis strains used 
in this study (van Doom et al., 1992). 

Another factor that is still poorly understood 
is the production of soluble lectin-like adhesins 
by strains of Bacteroides spp. (Rogemond and 
Guinet, 1986). A 70-kDa lectin with affinity for 
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V-D-glucosamine and D-galactosamine was 
purified and shown to promote formation of 
micro-aggregates between B. fragilis and Entero- 
coccus faecalis or E. coli (Rogemond and 
Guinet, 1986). This may have implications in the 
pathogenesis of synergistic polymicrobial 
infections allowing adhesion to host cells and 
aggregation to each other. These organisms are 
frequently found in mixed infections, and 
aggregation has been demonstrated between B. 
fragilis and E. coli (Reid et al., 1990). 

Lipopolysaccharide and Other Surface 
Structures The B. fragilis lipopolysaccharide 
(LPS or endotoxin) is approximately 100-1000- 
fold less toxic than the potent LPS from E. coli 
and Salmonella typhimurium (Lindberg et al., 
1990). Nevertheless, studies have suggested that 
LPS may be considered as a virulence factor 
(Zalesnik et al., 1986; Poxton and Edmund, 
1995), since it is able to provoke abscess forma- 
tion in experimental animal models. However, 
the dose of LPS required is about 5 times higher 
than the dose required for purified capsular 
polysaccharide, suggesting the possibility of 
some minor contamination of the LPS with CPC 
(Zalesnik et al., 1986). Bacteroides fragilis LPS 
induces secretion of the proinflammatory cytok- 
ine TNF-a through a CDi 4 -independent pathway 
(Gangloff et al., 1999), but the amount of B. fra- 
gilis LPS required to stimulate half-maximal 
TNF-a secretion is at least 1,500-fold higher than 
the amount of LPS from an enteric organism 
needed to reach the same levels of TNF-a 
expression (Gangloff et al., 1999). The weak 
endotoxic activity of B. fragilis is attributed to 
differences in its structural and chemical compo- 
sition compared to typical Enterobacteriaceae 
LPS. Bacteroides fragilis LPS lacks classical O- 
antigen structures, has reduced acyl chains (5 
instead of 6), has only one phosptiorylated 2- 
keto-3-deoxyoctulosonic acid (KDO) moiety, 
and has shortened carbohydrate chains 
(Lindberg et al., 1990; Gangloff et al., 1999). 

The release of outer-membrane vesicles 
(OMV) from B. fragilis also is presumed to play 
a role in the pathogenesis of B. fragilis. The 
OMV are released from the surface of whole 
cells of B. fragilis and carry a variety of hydro- 
lyzing enzymes such as alkaline and acid phos- 
phatases, esterase lipase, phosphohydrolyase, 
glucosaminidase, p-glucuronidase and a- and p- 
galactosidase (Patrick et al., 1996). These OMV 
are able to agglutinate horse and human eryth- 
rocytes, and this property may be used to deliver 
enzymes directly to host cells with the objective 
of increasing tissue damage. In addition, the B. 
fragilis OM contains an unidentified component 
with pro-inflammatory activity. It promotes neu- 
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trophil adherence to endothelium in vitro by 
inducing the expression of E-selectin on human 
endothelial cells by a soluble CDi 4 -dependent 
mechanism (Sato et al., 1998). 

Neuraminidase The role of neuraminidase in 
the attachment of B. fragilis to host cells is 
controversial. Some studies have shown that 
hemagglutination and adherence to colon WiDr 
cells were not mediated by neuraminidase 
activity (Namavar et al., 1994). In contrast, other 
studies have shown that B. fragilis adheres to 
mammalian epithelial cells but not to PMNs by 
the action of an adhesin in a neuraminidase dose- 
dependent attachment (Guzman et al., 1990). 
Though this matter needs further clarification, 
the role of neuraminidase (NanH) in B. fragilis 
pathogenicity in vivo was investigated with nanH 
mutants. The findings have shown that the nanH 
mutant had a severe growth defect compared to 
the parent strain in a rat pouch model and in a 
tissue culture monolayer (Chinese hamster 
ovary [CHO] cells) model (Godoy et al., 1993). 
In the rat pouch experiments, >90% of the nanH 
mutants reverted to nanW genotype within 48 h 
postinfection as glucose concentrations fell 
within the pouch during bacterial growth. This 
selective pressure resulting in the nanW strains 
indicates that neuraminidase may play an 
important role in acquisition of carbon sources 
for bacterial cell growth in vivo (Godoy et al., 
1993). Thus there may be two functions for 
neuraminidase during the course of infection, 
one for adherence and one for energy 
metabolism. 

Iron Acquisition from Host Tissues The abil- 
ity of pathogenic bacteria to scavenge iron in 
vivo from host tissues is an important virulence 
mechanism. Iron in mammalian tissues is tightly 
bound to proteins such as hemoglobin, trans- 
ferrin or ferritin. Consequently, many aerobic 
bacteria and pathogens, in particular, will not 
grow in the presence of these proteins unless 
they possess specific iron-acquisition mecha- 
nisms. Although these mechanisms have been 
extensively investigated in aerobic bacteria, iron 
uptake systems in B. fragilis have been largely 
overlooked. Much of the iron requirement may 
be obtained from hemin; however, elemental 
iron is also required for growth even in the pres- 
ence of hemin (Rocha et al., 1991). Apparently 
B. fragilis does not take up iron through the pro- 
duction of siderophores (Otto et al., 1988), but it 
can utilize iron from iron-bound transferrin, 
heme, hemoglobin and haptoglobin-hemoglobin 
complex (Verweij-van Vught et al., 1988; Otto 
et al., 1994). Furthermore, B. fragilis is able to 
overcome hemopexin-mediated heme limitation 
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by degradation of hemopexin, a heme-binding 
plasma protein, to make the protein-bound 
heme available for uptake (Rocha et al, 2001). 
This ability may enable B. fragilis to overcome 
the inhibitory effect of serum, which is com- 
monly seen with many of the other Bacteroides 
species and can be overcome by the addition of 
hemin or protoporphyrin IX plus iron (Verweij- 
van Vught et al, 1986b). Bacteroides fragilis is 
better adapted to survive in low iron conditions 
than the less virulent species of the genus, and its 
enhanced virulence may be related to its ability 
to grow in serum with low free iron. The mecha- 
nisms of iron acquisition have not yet been 
worked out, but under iron-limited conditions, B. 
fragilis expresses four iron-repressible outer- 
membrane proteins (IROMP) of 89, 49, 44 and 
23.5 kDa (Otto et al., 1988). It has been demon- 
strated that the 44-kDa IROMP is involved in 
the heme acquisition and is expressed in vivo 
(Otto et al., 1991). Other IROMP may be 
involved with other aspects of iron and/or heme 
uptake. 



Enterotoxin Enterotoxigenic strains of B. 
fragilis (ETBF) are associated with diarrhea in 
humans and animals (Border et al., 1985; Myers 
and Shoop, 1987; Myers et al., 1989). Epidemio- 
logical studies have demonstrated that the pres- 
ence of ETBF is significantly higher in adults 
and children with diarrhea (but with no other 
known etiological agents) when compared to the 
numbers of ETBF isolated from healthy controls 
(Kato et al., 1996; Zhang et al., 1999). The 
purified B. fragilis toxin (BFT) is a 20,000-Da 
zinc-containing metalloprotease capable of 
hydrolyzing gelatin, actin, tropomyosin and 
fibrinogen (Moncrief et al., 1995). Several stud- 
ies have demonstrated that BFT induces physio- 
logical and morphological changes in intestinal 
epithelial cells both in vitro and in vivo leading 
to diarrhea and inflammation of the mucosa 
(Myers et al., 1989; Obiso et al., 1995; Saidi et al., 
1997; Sanfilippo et al., 1998; Riegler et al., 1999). 
Three isoforms of the toxin gene have been 
described: bft-1, bft-2 and bft-3 (Chung et al., 
1999a). Studies on the frequency of distribution 
of the genes have shown that the isoform bft-1 is 
most common among adults with or without 
diarrhea, while bft-1 and bft-2 are equally dis- 
tributed among children (D’Abusco et al., 2000). 
Interestingly, ETBF strains produce only one 
toxin, even though more than one bft gene may 
be present in the chromosome. As described 
in the section Genome Structure, molecular 
analysis has shown that a bft gene and a second 
metalloprotease gene are contained in a 6-kb 
DNA fragment, denoted as a pathogenicity 
island, which is present in all ETBF strains 



(Moncrief et al., 1998; Franco et al., 1999). In 
some cases, duplication of the whole pathogenic- 
ity island has been documented; however, this 
does not seem to affect expression of the bft 
genes. 

The proposed mechanism of action for BFT is 
unique for a bacterial enterotoxin. BFT specifi- 
cally cleaves the extracellular domain of the 
zonula adherens protein E-cadherin, altering 
cellular morphology and physiology and leading 
to increased intestinal permeability (Wu et al., 
1998). However, the intestinal epithelial cells 
affected by BFT also seem to influence the mod- 
ulation of the intestinal mucosal inflammatory 
response and tissue repair by inducing expres- 
sion of the cytokines IL-8 and transforming 
growth factor beta (TGF-(3), respectively 
(Sanfilippo et al., 2000; Kim et al., 2001). 

The role of BFT is not clear, but studies com- 
paring the frequencies of enterotoxigenic and 
nonenterotoxigenic strains isolated from various 
nonintestinal infection sites have found entero- 
toxigenic strains at higher frequencies in bacter- 
emia (Kato et al., 1996; Chung et al., 1999a). It 
has been postulated that BFT facilitates the 
release of B. fragilis from the abscesses or other 
sites of infection, allowing them to disseminate 
into the bloodstream (Kato et al., 1996). 

Proteases and Hydrolytic Enzymes The pro- 
duction of extracellular enzymes by pathogenic 
anaerobic bacteria is important for tissue 
damage during the course of an infection to 
supply nutrients for growth (Duerden, 1994). 
These enzymes also may contribute to the 
metabolic interdependency of B. fragilis and 
facultative species in polymicrobial infections 
(Duerden, 1994). Bacteroides spp. produce 
several enzymes such as hyaluronidase, hepari- 
nase, chondroitin sulfatase, phosphorylase, 
DNase, and fibrinogen-degrading protease 
(Rudek and Haque, 1976; Stefen and Hentges, 
1981). Apparently these may contribute to the 
establishment and development of the infec- 
tious process, but very little experimental evi- 
dence exists to support their significance in 
Bacteroides spp. infections. 

Inhibition of Neutrophil Function It is well 
established that in vitro anaerobic bacteria 
inhibit the phagocytic killing function of neutro- 
phils. The phagocytic uptake and killing of sev- 
eral aerobic bacteria such as E. coli and Proteus 
sp. is diminished by the ability of Bacteroides 
species to compete for opsonins (Ingham et al., 
1981; Jones and Gemmell, 1982; Namavar et al., 
1983). Both heat-stable and heat-labile opsonins 
are depleted from serum incubated with 
Bacteroides species. This results in impairment of 
opsonization of the aerobic bacteria (Tofte et al.. 
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1980). Another mechanism of PMN inhibition 
may be mediated by the production of fermen- 
tation end products. It has been shown that short 
chain fatty acids inhibit PMN chemotaxis and 
activation of the respiratory burst function 
(Botta et al., 1985; Rotstein et al., 1985). Several 
studies have shown that the major product of 
Bacteroides fermentative metabolism, succinate, 
inhibits neutrophil migration and killing activity 
at acid pH but not neutral pH (Rotstein et al., 
1985; Rotstein and Kao, 1988a). At an extracel- 
lular pH of 5.5, succinic acid is protonated, and 
in this form, it is able to cross the neutrophil 
plasma membrane and consequently lower the 
intracellular pH causing impairment of enzyme 
activity, leading to neutrophil dysfunction 
(Rotstein and Kao, 1988a; Rotstein et al., 1988b). 
More recently, Stehle et al. (2001) have shown 
that succinic acid at high concentrations 
(30 mM) significantly accelerates PMN apoptosis 
in vitro. 

Synergy in Polymicrobial Infections 

Intra-abdominal infections usually occur when 
gastrointestinal- or genitourinary-tract micro- 
organisms enter into the peritoneal space as 
the result of a breach in the mucosal barrier 
(Johnson et al., 1997). The majority of intra- 
abdominal infections are polymicrobial associa- 
tions containing facultative and anaerobic 
organisms, mainly Bacteroides fragilis and E. 
coli, as the predominant pathogens (Lorber and 
Swenson, 1975; Brook and Frazier, 2000). The 
importance of Bacteroides spp., particularly B. 
fragilis and B. thetaiotaomicron, in polymicrobial 
infections of abdominal, pelvic, skin and soft tis- 
sue areas was shown in a report from Brook 
(1989). The specific virulence factors that are 
involved in the pathogenesis of these mixed 
infections are dependent on the combination of 
species present at the site and the interactions of 
the different virulence factors of these species 
(Duerden, 1994). Some of these interactions 
have been described and are discussed next. 

Bacterial synergy between anaerobic and aer- 
obic bacteria has been demonstrated experimen- 
tally in animal models. The results have shown 
that this synergistic association increases mortal- 
ity and abscess formation (Onderdonk et al., 
1976; Dunn et al., 1984; Verweij-van Vught et al., 
1986a; Rotstein and Kao, 1988a). Although the 
mechanisms involved in the interactions are not 
completely understood, several factors are 
known to play significant roles in the overall 
outcome. These factors include 

1) The ability of E. coli to reduce intraperito- 
neal p02 and pH, creating favorable redox con- 
ditions that allow anaerobic growth and promote 
abscess formation (Sawyer et al., 1991). Extra- 
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cellular acid pH and low oxygen tension have 
also been shown to alter leukocyte-killing mech- 
anisms (Park et al., 1992). Moreover, low pH 
potentiates the inhibition of neutrophil functions 
by B. fragilis metabolic by-product succinate 
(Rotstein et al., 1988b) 

2) Bacteroides fragilis inhibits phagocytosis 
and killing of E. coli by PMN. Bacteroides fragilis 
efficiently competes for opsonins and reduces 
aerobic bacteria opsonization and uptake by 
PMNs (Tofte et al., 1980; Jones and Gemmell, 
1982) 

3) Production of hemolysin by E. coli alters 
the host’s ability to eliminate E. coli itself and 
other bacteria such as B. fragilis in experimental 
peritonitis (May et al., 2000) 

4) Nutritional interactions in which the E. coli 
hemolysin and hemoglobin protease were shown 
to increase synergy of abscess formation in 
experimental models possibly by facilitating B. 
fragilis access to essential nutrients such as 
heme-iron from hemoglobin (May et al., 2000; 
Otto et al., 2002), and 

5) The ability of Bacteroides species to induce 
local fibrin deposition impairs clearance of the 
bacteria in polymicrobial infections (Rotstein, 
1993). 

Antibiotic Susceptibility 
and Resistance 

Susceptibility Profiles 

The Bacteroides spp. are highly drug resistant 
owing to a combination of inherent resistance 
traits and acquired resistance determinants. For 
example, inherent resistance to aminoglycosides 
is nearly universal among anaerobic bacteria 
because of the inability to transport these drugs 
into the cell (Bryan et al., 1979) and because 
resistance to tetracycline, a front-line drug in the 
1960s, has now reached >80% of isolates, due 
primarily to the dissemination of the tetQ gene 
(Salyers et al., 1995b; Shoemaker et al., 2001). 
Antimicrobial therapy plays an important role in 
the treatment of infections caused by Bacteroides 
spp.; therefore, susceptibility patterns have been 
watched closely to monitor the emergence of 
resistant strains. Summarized in Table 5 are the 
results from several antibiotic-resistance surveys 
of recent isolates. Over the years, metronidazole 
and chloramphenicol have remained effective 
antibiotics against the Bacteroides, with the find- 
ing of only an occasional chloramphenicol resis- 
tant strain and absence of metronidazole 
resistance in the United States (although occa- 
sional resistance has been noted on the Euro- 
pean and Asian continents; Sebald et al., 1990). 
In contrast, Bacteroides spp. are resistant to most 
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Table 5. Summary of several susceptibility studies for Bacteroides spp. isolated between 1995 and 1999. 



Organism 


Pene 


Cfxime 


Cfox 


Im 


Mer 


MIC 9 o/strains (% resistant)^ 

Pip + Amp + 
Pip taz sul 


Cipro 


Trov 


Clin 


Met 


Cm 


B. fragilis group 
Ami >32,100 


nd 


16/8 


.251.2 


.51.2 


nd 


4/0 


16/11 


32/91 


2/7 


>16/29 


1/0 


nd 


Am2 


nd 


128/18 


32/5 


1/0 


1/0 


128/17 


81.2 


8 / 0.8 


nd 


4/7.3 


256/16 


nd 


nd 


Spl 


nd 


32/7 


64/13 


1/0.5 


1/0.5 


256/23 


16/0.5 


8/0.5 


nd 


1 / 1.8 


>256/34 


1/0 


4/0 


Sp2 


nd 


128/11 


32/8 


0.5/0.9 


nd 


128/14 


16/0.7 


8/1 


nd 


nd 


>256/26 


1/0 


4/0.1 


SA 


nd 


nd 


32/32 


1/0 


4/0 


>128/39 


nd 


Nd 


128/94 


2/10 


>128/29 


2/0 


4/0 












Strains (% resistant) 














B. fragilis 


Ami 


100 


nd 


8 


0.2 


1 


nd 


0 


11 


90 


7 


29 


0 


nd 


Am2 


nd 


20 


5 


0.2 


0.2 


21 


0 


1 


nd 


6 


14 


nd 


nd 


Spl 


nd 


0.8 


9 


0.8 


0.8 


14 


0.8 


0.8 


nd 


1.5 


33 


0 


0 


Sp2 


nd 


7 


5 


1 




8 


1 


2 


nd 


nd 


22 


0 


0 


B. thetaiotaomomicron 
Ami 100 nd 


10 


0 


0 


nd 


0 


10 


93 


1 


23 


0 


nd 


Am2 


nd 


21 


5 


0 


0 


20 


0 


2 


nd 


4 


20 


nd 


nd 


Spl 


nd 


18 


28 


0 


0 


44 


0 


0 


nd 


0 


36 


0 


0 


Sp2 


nd 


14 


10 


0 


nd 


22 


0 


0 


nd 


nd 


35 


0 


0 


B. uniformis 


Ami 


100 


nd 


29 


0 


5 


nd 


0 


14 


86 


9 


24 


0 


nd 


Spl 


nd 


12 


0 


0 


0 


23 


0 


0 


nd 


0 


39 


0 


0 


Sp2 


nd 


10 


16 


0 


nd 


13 


0 


0 


nd 


nd 


46 


0 


0 


B. vulgatus 


Ami 


100 


nd 


9 


0 


3 


nd 


0 


12 


94 


24 


30 


0 


nd 


Am2 


nd 


5 


2 


0 


0 


17 


0 


0 


nd 


14 


27 


nd 


nd 


Sp2 


nd 


7 


0 


0 


nd 


19 


0 


0 


nd 


nd 


28 


0 


0 


B. ovatus 


Ami 


0 


nd 


5 


0 


0 


nd 


0 


0 


100 


7 


39 


0 


nd 


Am2 


nd 


24 


14 


0 


0 


26 


0 


1 


nd 


6 


21 


nd 


nd 


Sp2 


nd 


24 


13 


0 


nd 


28 


0 


0 


nd 


nd 


19 


0 


2 


B. distasonis 


Ami 


100 


nd 


11 


0 


0 


nd 


0 


33 


93 


4 


41 


0 


nd 


Am2 


nd 


17 


14 


0 


0 


21 


0 


2 


nd 


1 


11 


nd 


nd 


Sp2 


nd 


27 


24 


0 


nd 


34 


0 


2 


nd 


nd 


22 


0 


0 



Abbreviations: MIC 90 , minimal inhibitory concentation for 90% of strains tested; nd, no data; Pen, penicillin; Cfxime, 
ceftizoxime; Cfox, cefoxitin; Im, imipenem; Mer, meropenem; Pip, piperacillin; Pip + taz, piperacillin + tazobactam; Amp + 
sul, ampicillin + sulbactam; Cipro, ciprofloxacin; Trov, trovafloxacin; Clin, clindamycin; Met, metronidazole; and Cm, 
chloramphenicol. 

""The MIC90 values are given in jig per ml and the % resistance refers to breakpoints of resistant strains recommended by the 
National Committee for Clinical Laboratory Standards (NCCLS). For the “R fragilis group,” values for the MIC90 and the 
% resistant strains are provided. The values given for the individual species are for % resistant strains only. 

Data were from the following studies; Ami (Aldridge et al., 2001), Am2 (Snydman et al., 1999), Spa (Betriu et al., 1999a), 
Sp2 (Betriu et al., 1999b), and SA (Lubbe et al., 1999). 



cephalosporins and penicillins owing to the pro- 
duction of a variety of p-lactamases (Edwards, 
1997). One exception is cefoxitin, which has 
shown good activity on all Bacteroides spp., 
although resistance rates up to 16% have been 
observed (Cuchural and Tally, 1986; Cornick et 
al., 1990). The carbapenems and the p-lactam -h 
inhibitor combinations have retained outstand- 
ing activity and are the best of the p-lactam 
group (Table 5), but p-lactamases that destroy 
these drugs have been described. For the most 
part, the quinolone family of antibiotics has poor 
activity on Bacteroides spp. except for trova- 
floxacin, but signiflcant resistance to this newer 



quinolone has been observed. Although the 
lincosamide, clindamycin, has been a very 
effective drug, resistance rates have risen dra- 
matically reducing the utility of this drug in many 
hospitals. 

Except for its resistance to imipenem, B. 
fragilis seems to be somewhat more antibiotic 
sensitive than other species or the genus as a 
whole. Bacteroides thetaiotaomicron and B. 
ovatus species generally are the most resistant 
and display the highest mean resistance rates 
for all antibiotics, but especially the p-lactam 
drugs (Snydman et al., 1999; Aldridge et al., 
2001). On the other hand, high-level resistance 
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to carbapenems has been restricted primarily to 
B. fragilis isolates, which contain the cfiA (3- 
lactamase gene and will be discussed in the sec- 
tion Mechanisms of Resistance. Resistance rates 
to clindamycin and trovafloxacin are highest 
among B. vulgatus strains (Snydman et al., 1999). 
No other trends have been noted, although one 
study suggested that with the exception of its 
resistance to clindamycin, the antibiotic resis- 
tance of Bacteroides spp. has decreased slightly 
(Snydman et al., 1999). It remains to be seen 
whether this is a sustainable trend. 

Mechanisms of Resistance 

Resistance to all major classes of antibiotics has 
been observed in the Bacteroides spp., and the 
physiological mechanisms of resistance cover the 
full array of mechanisms from target site alter- 
ation to antibiotic destruction. Clindamycin 
resistance and other MLS resistance are gener- 
ally mediated by genes closely related to ermF, 
but recently two other MLS genes, ermG and 
ermB, have been found in Bacteroides spp. 
(Shoemaker et al., 2001; Table 6). These genes 
encode methyltransferase enzymes that methy- 
late specific adenine residues on the 23S rRNA 
to inhibit binding of the drug to the ribosome 
target. This mechanism provides cross-resistance 
to most all macrolide, lincosamide, and strepto- 
gramin B type drugs. The ermF genes were first 
found on transmissible plasmids, and on these 
plasmids, they were present within three related 
compound transposons (Odelson et al., 1987; 
Smith et al., 1998; Table 6). The transposons each 
contained copies of IS4557 in direct orientation 
that were adjacent to the ermF gene and respon- 
sible for its transcription. Tn4351 and Tn4400 
were nearly identical, but Tn4557 was twice the 
size and encoded a different set of genes down- 
stream of ermF. The ermF genes are not closely 
related to any other erm genes and in fact have 
at most only 35% identity at the amino acid level. 
The ermF genes have been mainly found in dif- 
ferent Bacteroides spp. and seem to be the major 
resistance gene in this genus. Recently, the ermG 
gene was found on a CTn, and in contrast to 
ermF, it was nearly identical to an MLS gene 
from Bacillus sphaericus, suggesting that it was a 
recent acquisition by the Bacteroides. Between 0 
and 21% of recent MLS isolates (since 1996) had 
ermG (Cooper et al., 1996; Shoemaker et al., 
2001). The ermB gene originally isolated from 
Clostridium perfringens also has been found in 
recent Bacteroides spp. isolates, indicating that 
the spread of MLS resistance continues to be a 
very dynamic process. 

The most important form of p-lactam resis- 
tance continues to be the production of p- 
lactamase enzymes. Since 1955, the Bacteroides 
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have been known for their production of penicil- 
lin inactivating enzymes, p-lactamases, and now 
nearly 100% of isolates tested have some mea- 
surable p-lactamase activity (Edwards, 1997; 
Rasmussen et al., 1997). By far the largest major- 
ity of these enzymes fall into the Bush class 2e, 
which are serine active-site cephalosporinases 
that are inhibited by clavulanate (Rasmussen et 
al., 1997). Each of the Bacteroides species has a 
specific or indigenous p-lactamase of this class. 
In the two cases where the p-lactamase genes 
have been sequenced {B. fragilis cepA and B. 
uniformis cblA), it was found that they are in the 
Ambler molecular Class A (Rogers et al., 1993; 
Smith et al., 1994; Mastrantonio et al., 1996). 
None of these enzymes can degrade cefoxitin, 
and the strains are sensitive to carbapenems as 
well. Although most species produce low levels 
of p-lactamase activity, in some cases the enzyme 
levels are upregulated and this results in resis- 
tance to all classes of p-lactam except for carbap- 
enems, cephamycins, and inhibitor combinations 
(Rogers et al., 1994). For the cep A gene of B. 
fragilis, this activation resulted from the inser- 
tion of an IS element into the -35 region of the 
cepA promoter and resulted in high levels of 
cepA transcription. None of these species- 
specific p-lactamases are known to be transmis- 
sible. One unique class 2e p-lactamase was 
encoded by the cfxA gene and was found to be 
responsible for widespread, transmissible, cefox- 
itin resistance in a variety of Bacteroides spp. 
including B. fragilis, B. vulgatus, B. uniformis and 
B. ovatus (Parker and Smith, 1993). The CfxA p- 
lactamase slowly degraded cefoxitin but was oth- 
erwise typical of the Bush class 2e. Several other 
class 2e type enzymes have been described for 
the genus, but these have not yet been analyzed 
at the molecular level (Bush et al., 1995). 

The other significant class of p-lactamases in 
the Bacteroides, the metallo-p-lactamases (which 
are in the Bush class 3), is responsible for 
imipenem resistance (Bush et al., 1995; Edwards, 
1997). These are significant enzymes capable of 
hydrolyzing nearly all p-lactams including car- 
bapenems and cephamycins, and they are not 
inhibited by clavulanate or sulbactam. DNA 
sequence analysis has shown that the cfiA gene 
or closely related homologs encode this potent 
p-lactamase, but it is only found in about 2% of 
B. fragilis clinical isolates, and in more than 60% 
of these strains, the gene is not expressed 
(Rasmussen et al., 1990; Thompson and Malamy, 
1990; Podglajen et al., 1992; Podglajen et al., 
2001). Strains that are imipenem resistant con- 
tain cfiA, which is transcriptionally activated 
by any one of several IS elements and is able 
to produce significant levels of the enzyme 
(Rasmussen and Kovacs, 1991; Podglajen et al., 
1992; Podglajen et al., 1994; Edwards and Read, 
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Table 6. Antibiotic resistance determinants in Bacteroides spp. 



R- determinant 


Size 

(bp) 


GenBank 

accession 

number 


Function or activity 


IS-activation 


Transposon/ 

plasmid 


Transmissible’’ 


MLS 














ermF^{ermFS,'' 


1,002 


M14730 


Methyltransferase 


\S4351 


Tn4557/pBF4 


Yes 


ermFUf 








IS4351 


Tn44dd/pBFTM10 


Yes 










IS4351 


Tn4557/pBI136 


Yes 










ND 


CTn5030 


Yes 










ND 


CTnDOr 


Yes 


ermG^ 


735 


L42817 


Methyltransferase 


ND 


CTn7853 


Yes 


ermB^ 


738 


NR 


Methyltransferase 


ND 


Unk 


Unk 


j8-lactam 














cepA^ 


903 


U05888 


Bush class 2e (3-lactamase 


IS7224 


ND 


ND 


cblA'‘ 


891 


L08472 


Bush class 2e (3-lactamase 


ND 


ND 


ND 


cfxA" 


966 


U75371 


Bush class 3 


ND 


Tn4555 


Yes 








metallo-(3-lactamase 








cflA (ccrAy 


750 


M34831 




isim 


ND 


ND 










IS1187 


ND 


ND 










IS1188 


ND 


ND 










IS942 


ND 


ND 










IS4351 


ND 


ND 


Tetracycline 














tetQ^ 


1,926 


X58717 


Elongation factor EF-G 


ND 


CTnDOr 


Yes 








homolog 








tetX^ 


1,167 


M37699 


NADP oxidoreductase 


ND 


Tn4557/pBF4 


Yes 










ND 


Tn44dd/pBFTM10 


Yes 










ND 


CTnDOr 


Yes 


5-Nitroimidazole 














nimA"^ 


531 


X71444 


5-Nitroimidazole reductase 


IS1168 (IS1186) 


ND/pIP417 


Yes 


nimB"^ 


495 


X71443 


5-Nitroimidazole reductase 


IS1168 (IS1186) 


ND 


Yes 


nimCA 


492 


X76948 


5-Nitroimidazole reductase 


IS1170 (IS942) 


ND/pIP419 


Yes 


nimD'' 


493 


X76949 


5-Nitroimidazole reductase 


IS1168 (IS1186) 


ND/pIP421 


Yes 


Quinolone 














gyrA° 


2,538 


AB017712 


DNA gyrase 


ND 


ND 


ND 


bexA^ 


1,332 


AB067769 


MATE efflux pump 


ND 


ND 


ND 


Lincosamide 














linA"^ 


513 


AF251288 


O-nucleotidyltransferase 


ND 


NBU2 


Yes 


Aminoglycoside 














aadS^ 


864 


M72415 


Adenyltransferase 


ND 


Tn4551/pBI136 


Yes 










ND 


CTnDOr 


Yes 



Abbreviations: MLS, macrolide-lincosamide-streptogramin; IS, insertion sequence; NR, not reported; ND, not detected; Unk, 
studies not done; and MATE, multidrug and toxic compound extrusion. 

^Either self- transmissible or mobilizable by conjugation. 

‘’Rasmussen et al. (1986). 

‘^Smith (1987). 

‘‘Halulam et al. (1991). 

^Cooper et al. (1996). 

‘Shoemaker et al. (2001). 

^Rogers et al. (1993). 

‘’Smith et al. (1994). 

’Parker and Smith (1993). 

jRasmussen et al. (1990) and Thompson and Malamy (1990). 

‘^Nikolich et al. (1992). 

‘Speer et al. (1991). 

“Haggoud et al. (1994). 

"Trinh et al. (1995). 

°Onodera and Sato (1999). 

PMiyamae et al. (2001). 

’iWang et al. (2000). 

"Smith et al. (1992). 
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2000; Table 6). Interestingly, cfiA seems to be 
restricted to a subgroup of the B. fragilis strains 
referred to as “B. fragilis DNA homology group 
II,” whereas cep A is found in the more prevalent 
homology group I strains represented by the 
type strain ATCC 25285 (Podglajen et al., 1995). 
In association with this finding, it was shown that 
the IS elements known to activate cfiA also 
appear to be primarily associated with homology 
group II strains. These findings in part explain 
why imipenem resistance has been restricted to 
a small group of B. fragilis strains, but it remains 
to be seen whether these genes will become asso- 
ciated with transmissible elements and hence 
more widespread. 

Two other mechanisms also may contribute to 
p-lactam resistance: reduced permeability of the 
drugs and reduced affinity of the penicillin- 
binding proteins (PBPs) for the drugs (Piddock 
and Wise, 1987; Cuchural et al., 1988; Edwards, 
1997). Permeation studies of cephalosporins 
through the outer membrane of B. fragilis 
showed that values were about 1/10 of those seen 
for E. coli (Yotsuji et al., 1988a). Further studies 
yielded similar results and supported the general 
idea that hydrophilicity of the drugs was less a 
factor in permeation in B. fragilis than in enteric 
bacteria (Yotsuji et al., 1988a). The Bacteroides 
spp. appear to have at least three high mol wt 
PBPs (58,000-90,000 Da) and several smaller 
sized PBPs as estimated by sodium dodecylsul- 
fate polyacrylamide gel electrophoresis (SDS- 
PAGE; Piddock and Wise, 1986; Piddock and 
Wise, 1987; Yotsuji et al., 1988b; Wexler and 
Halebian, 1990). The high mol wt PBPs have 
been correlated with similar proteins in E. coli, 
and each Bacteroides spp. has its own distinctive 
pattern, although even within species there were 
differences. These differences may account for 
some cases of p-lactam resistance. In two studies, 
cefoxitin resistance of B. fragilis and B. thetaio- 
taomicron strains appeared to involve decreased 
affinity of the PBPs for the drug and a similar 
study of a cephalothin-resistant B. fragilis strain 
showed that both reduced permeation and PBP 
affinity were responsible for resistance (Piddock 
and Wise, 1986; Yotsuji et al., 1988b; Wexler and 
Halebian, 1990). 

Thus far, only two tetracycline-resistance 
genes, tetQ and tetX, have been found in the 
Bacteroides spp. (Table 6). The tetX gene 
encodes a novel NADP-linked oxidoreductase 
that inactivates tetracycline; however, this enzy- 
matic activity requires aerobic conditions and 
does not seem to be active under anaerobic con- 
ditions (Guiney et al., 1984b; Speer et al., 1991). 
This gene has been found on a number of trans- 
posons that contain an erm gene but otherwise 
does not appear widespread. The tetQ gene on 
the other hand is responsible for the >80% 
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tetracycline-resistance rates now seen in the 
genus and was found in 100% of tetracycline- 
resistant Bacteroides spp. (Nikolich et al., 1992; 
Shoemaker et al., 2001). This dissemination is in 
large part due to its presence on virtually all 
CTns. It is interesting to note that tetQ has not 
been found associated with plasmids in Bacteroi- 
des spp., but in the closely related Prevotella 
ruminicola, this gene was located on a plasmid 
(Flint et al., 1988). The available evidence sug- 
gests that the spread of tetQ is recent on the basis 
of the >96% nucleotide sequence identity among 
33 tetQ genes isolated from strains representing 
all of the Bacteroides spp. (Shoemaker et al., 
2001). The TetQ protein is in the TetM family 
of tetracycline-resistance determinants whose 
mode of action is ribosome protection. It appears 
that TetM is related to elongation factor G (EF- 
G), and in the presence of GTP, TetM reduces 
the amount of tetracycline bound to ribosomes 
(Burdett, 1991; Burdett, 1996; Trieber et al., 
1998). 

Resistance to metronidazole and other 5- 
nitroimidazoles has been attributed to two major 
mechanisms. Until the 1980s, resistant strains 
were infrequently isolated, often from patients 
undergoing extended treatment regimens 
(Ingham et al., 1978). Analyses of this class of 
resistant strain indicated that resistance was 
mediated by a global change in metabolism that 
resulted in a decreased reducing environment in 
the cell thus preventing activation of the drugs. 
This was thought to be accomplished by a reduc- 
tion in pyruvate:ferredoxin oxidoreductase 
activity and a subsequent increase in lactate 
dehydrogenase, which balances the fermentation 
products (Narikawa et al., 1991). More recently, 
transmissible resistance to as much as 64 pg/ml 
of metronidazole has been observed in several 
European countries. This resistance phenotype 
has been associated with four nim genes that 
share between 67 and 90% sequence similarity 
at the protein level but do not match anything 
else in the public databases (Reysset et al., 1992; 
Trinh et al., 1995; Trinh and Reysset, 1996a; Trinh 
et al., 1996b). The genes have been found on a 
variety of different small mobilizable plasmids, 
as well as on what appears to be a mobilizable 
transposon. In nearly every case these genes are 
silent unless activated by IS elements, which in 
many cases are the same IS elements known to 
activate the cfiA genes (Haggoud et al., 1994; 
Trinh et al., 1995; Table 6). The mechanism of 
metronidazole resistance appears to rely on the 
ability of the Nim protein to reduce the drugs to 
their amine form, which precludes the reductive 
formation of the toxic nitroso-radical anions that 
form the basis of killing by the 5-nitroimidazoles 
(Carlier et al., 1997). Thus it is thought that the 
nim genes encode a 5-nitroimidazole reductase. 
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The intrinsic resistance of Bacteroides spp. to 
most quinolone and fluoroquinolone drugs is 
striking, but in addition there are reports that 
even the use of effective fluoroquinolones such 
as trovafloxacin or sparfloxacin can be com- 
promised by the rapid emergence of resistant 
strains following 24 h of exposure to the drugs 
(Peterson et al, 1999). Also, B. fragilis isolates 
from Japan showed a significant increase in all 
fluoroquinolone minimal inhibitory concentra- 
tions (MICs) from 1983 to 1987 (Kato et al., 
1988). It is likely that resistance to these drugs 
arises as a combination of active efflux and muta- 
tions in the gyrA gene that encodes a subunit of 
DNA gyrase that is the antibiotic target. Studies 
on the accumulation of norfloxacin in B. fragilis 
revealed the presence of an active efflux pump 
that was sensitive to inhibition by the proton 
conductor carbonyl cyanide m-chlorophenyl- 
hydrazone (Miyamae et al., 1998; Ricci and 
Piddock, 2000). Further, the rate of efflux was 
dramatically increased by a single-step spontane- 
ous mutation that resulted in simultaneous 
increases in the MICs for several fluoroqui- 
nolones, ethidium bromide, and puromycin 
(Miyamae et al., 1998). These data suggested the 
presence of a multidrug efflux pump, and in B. 
thetaiotaomicron, the gene for an efflux pump 
(designated bexA) was cloned and found to be 
in the multidrug and toxic compound extrusion 
(MATE) family. The presence of bexA was 
shown to impart increased resistance to fluoro- 
quinolones and ethidium bromide (Miyamae et 
al., 2001). Comparison of the BexA protein to 
the B. fragilis genome sequence revealed the 
presence of at least three similar proteins 
(Miyamae et al., 2001). 

Mutation of the DNA gyrase in the quinolone- 
resistance determining region (QRDR) also was 
shown to be responsible for the spontaneous 
resistance to levofloxacin of a B. fragilis mutant 
(Onodera and Sato, 1999). In a more extensive 
study, about half of the naturally occurring 
clinafloxacin-resistant strains (including B. fragi- 
lis, B. thetaiotaomicron, B. ovatus, B. uniformis 
and B. vulgatus) exhibited gyrA mutations in the 
QRDR (Oh et al., 2001). These data suggest that 
while GyrA mutations are important for qui- 
nolone resistance, other mechanisms such as 
active efflux may also play a role. 

As mentioned briefly above, aminoglycoside 
antibiotics are not effective against Bacteroides 
spp. There is an exception to this observation, 
and that is trospectomycin, an amino-cyclitol 
similar to spectinomycin that is very active 
against all Bacteroides spp. with MIC90 (MIC for 
90% of strains tested) of ~8 pg/ml (Jacobus and 
Tally, 1988; Chisari et al., 1995). Studies on the 
mechanism of aminoglycoside resistance have 
shown that the ribosomes of B. fragilis are in fact 



sensitive to streptomycin and gentamycin, but 
the drugs do not accumulate in the cells (Bryan 
et al., 1979). This suggests that the lack of 
aminoglycoside transport is responsible for 
inherent resistance. It is interesting to note that 
one aminoglycoside-resistance gene, aadS, has 
been found in Bacteroides spp. (Smith et al., 
1992b). This aadS gene encodes a streptomycin- 
dependent adenyltransferase and has been 
found on Tn4557 and CTnDOT. The gene is 
actually expressed in B. fragilis, resulting in MIC 
values of >10 mg/ml of streptomycin, but its sig- 
nificance in Bacteroides antibiotic resistance 
really is not clear. 



The Role of Bacteroides spp. in 
Interspecies Resistance Transfer 

The extraordinary high numbers of the Bacteroi- 
des in the intestinal tract allows these organisms 
to interact physically with a variety of the 500 or 
so indigenous species, as well as with the con- 
stant parade of transients passing through the 
tract. Contact with such diverse species provides 
the opportunity for genetic exchange in both 
directions, so Bacteroides spp. could be an ideal 
reservoir or perhaps more accurately a clearing- 
house of antibiotic-resistance genes. The CTns 
help propel this gene transfer, and their wide- 
spread dissemination may in part explain the 
proliferation of mobilizable plasmids and trans- 
posons, which are in >70% of all Bacteroides spp. 
(Callihan et al., 1983; Smith et al., 1998; Wang et 
al., 2000). The mobilizable transposons in partic- 
ular have a potentially wide host range and could 
at the least provide a mechanism to introduce 
new antibiotic-resistance genes into a variety of 
organisms. 

A significant amount of data indicates that 
the Bacteroides can transfer antibiotic-resistance 
determinants to diverse species. First, resistance 
genes (tetQ) are transferred directly between the 
Bacteroides spp. and Gram-negative organisms 
in the oral cavity such as Prevotella (seven spe- 
cies) and Porphyromonas gingivalis (Leng et al., 
1997; Roberts, 1998; Chung et al., 1999b). More 
recently, a penicillin-resistant isolate of the oral 
microbe Prevotella intermedia was found to have 
a p-lactamase gene >98% identical to the cfxA 
gene of B. vulgatus, and sequences homologous 
to Tn4555 transposition genes also were found 
(Madinier et al., 2001). A significant number of 
tetracycline-resistant Prevotella in the rumen of 
cattle also have been shown to harbor tetQ 
(Nikolich et al., 1994). In fact, tetQ has now 
turned up in a number of different Gram- 
positive and Gram-negative anaerobes from a 
variety of human sources, and direct transfer of 
the gene from diverse donors to Enterococcus 
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faecalis recipients has been demonstrated (Leng 
et al, 1997; Chung et al, 1999b). This shows not 
only that broad, heterologous expression of 
these genes can be achieved but also that these 
genes can cross very broad species barriers. 
Other data sets reveal complex patterns of erm 
gene transfer. As mentioned above, an identical 
ermG gene (three nucleotides differ) was found 
in Bacillus and on a Bacteroides CTn (Cooper et 
al., 1996). Also, new data on the distribution of 
ermF have shown that this resistance determi- 
nant has entered into Treponema denticola 
(Roberts et al., 1996) and Neisseria species 
including N. gonorrhoeae (Roberts et al., 1999). 



Isolation and Identification 

The majority of anaerobes isolated from clini- 
cal specimens are Gram-negative anaerobic 
bacilli, mainly Bacteroides, Fusohacterium, Pre- 
votella and Porphyromonas. It is recommended 
that anaerobes isolated from sterile sites and 
from serious infections should always be com- 
pletely identified to species level (Citron and 
Appelbaum, 1993). This recommendation is 
particularly relevant to the Bacteroides group 
because of their virulence and resistance to 
many antimicrobial agents. 

The procedures recommended for appropriate 
processing of clinical specimen collection, trans- 
port, and anaerobic growth techniques follow 
the same procedures for general anaerobic bac- 
teriology described elsewhere (Summanen et al., 
1993). 

Methods of Isolation, Examination, 
and Identification 

Direct Examination Direct examination of 
Gram-stained smears of clinical material is a 
simple method that provides useful information 
on bacterial morphology, which for the most part 
is similar for aerobic organisms and anaerobes. 
The typical Bacteroides cellular morphology is 
the presence of pleomorphic, pale. Gram- 
negative forms with round-ends, occurring singly 
or in pairs, with vacuoles (Holdeman et al., 
1977). 

The methodology of fiuorescent polyvalent 
antibody conjugates for rapid identification of 
the Bacteroides group is commercially available 
and gives reliable results within a few hours 
(Wills et al., 1982). The immunological detection 
of B. fragilis and Bacteroides spp. from clinical 
specimens by fluorescence microscopy is in the 
range of 81 to 97% when compared to culture 
results (Slack et al., 1981; Viljanen et al., 1988; 
Patrick et al., 1995). Antibodies prepared against 
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the common polysaccharide antigen of B. fragilis 
and related species are more suitable for the 
immunodetection of B. fragilis from clinical sam- 
ples compared to monoclonal antibodies specific 
for the variable surface polysaccharide (Patrick 
et al., 1995). Though fluorescent antibody proce- 
dures for the identification of Bacteroides spp. 
have been useful in reference laboratories, they 
are not routinely used in the clinical microbiol- 
ogy laboratory. 

Direct gas-liquid chromatography analysis of 
clinical specimens for the detection of short- 
chain fatty acid end products of anaerobic bac- 
teria metabolism is a presumptive indicator of 
the presence of anaerobes in the infectious site 
(Gorbach et al., 1976). The presence of succinic 
acid was suggested to be a good indicator for the 
presence of Bacteroides in the infected material, 
but this has not been consistently reported 
(Gorbach et al., 1976; Watt et al., 1982). 



Preliminary Identification Initial processing 
procedures for examination and inoculation of 
the specimen require an appropriate combina- 
tion of enriched, nonselective, selective and 
differential media. The differential isolation 
and identification of the species belonging to 
Gram-negative anaerobic bacilli groups other 
then Bacteroides are dealt with in detail by 
Summanen et al. (1993) and Jousimies-Somer 
et al. (1999). 

The nonselective recovery of Bacteroides can 
be carried out on various basal media, which 
include Brucella agar, brain-heart infusion agar, 
Columbia agar and Wilkins-Chalgren agar 
supplemented with 5-10% horse or sheep blood 
and hemin (5 qg/ml). Primary selective isolation 
of Bacteroides from human origin can be accom- 
plished on either kanamycin-vancomycin laked 
blood Brucella (KVLB) agar (Summanen et al., 
1993) or bile-containing media such as Bacteroi- 
des bile esculin (BBE) agar (Livingston et al., 
1978). KVLB agar inhibits most facultative 
anaerobic bacteria but permits selective isolation 
mainly of Prevotella spp. and Bacteroides spp., 
while BBE is selective for Bacteroides spp. 

The use of selective media allows rapid pre- 
sumptive identification of Bacteroides spp. from 
clinical and nonclinical sources. Specimens 
inoculated on plates containing BBE can be 
examined following 18-24 h anaerobic incuba- 
tion. Bacteroides spp. will typically form colonies 
>1 mm diameter and will be surrounded by a 
brown-black zone due to esculin hydrolysis. 
Bacteroides vulgatus is an exception owing to its 
esculin-negative phenotype (Summanen et al., 
1993). As a general rule, any colony picked off 
BBE agar plates for further characterization 
must be subcultured in an enriched medium with 
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no antibiotic and incubated in an aerobic incu- 
bator to determine whether the isolate is an 
obligate anaerobe or a facultative anaerobe. 
Enterobacteriaceae resistant to gentamycin are 
able to form colonies on BBE agar. Other anaer- 
obic Gram-negative rods species such as Fuso- 
hacterium mortiferum and Bilophila spp. also 
can form colonies on BBE. The former can be 
differentiated from Bacteroides by its sensitivity 
to kanamycin and colistin and resistance to rifa- 
mycin. The latter is nitrate positive (Summanen 
et al., 1993; Jousimies-Somer et al., 1999). 

Definitive Identification The standard con- 
ventional methods for the identification and 
differentiation of the Bacteroides group species 
are largely based on the schemes proposed 
by Holdeman et al. (Holdeman et al., 1977; 
Holdeman et al., 1986) and involve the utilization 
of pre-reduced anaerobically sterilized media for 
the determination of sugar fermentation, bio- 
chemical tests and the detection of fermentative 
end products by gas/liquid chromatography 
(Table 7). A simplified and rapid scheme for 
biochemical and fermentative identification of 
bile resistant Bacteroides allows speciation of the 
group within 24 h after obtaining a pure culture 
(Citron et al., 1990). Another simplified identifi- 
cation scheme based on conventional methodol- 
ogy and that provides convenient identification 
at a reasonable cost is the use of Presumpto 
plates (Whaley et al., 1995). Generally a set of 
three quadrant plates containing four conven- 
tional media to generate 21 tests is used to 
separate most of the clinically relevant anaerobes 
with rapid recognition of five Bacteroides species. 

Several rapid identification systems for anaer- 
obic bacteria also are available and include the 
API 20A, Minitek, An-Ident, RapID-ANAH, 
and API ZYM systems. Most of these systems 
involve the use of several chromogenic sub- 
strates for the detection of constitutive enzymes. 
Generally, the investigator is able to obtain ade- 
quate identification of Bacteroides species, but 
additional tests are often required since some 
species in this genus are not easily distinguished 
by these phenotypic tests. 

Whole-cell carbohydrate analysis by capillary 
gas chromatography provides rapid and 
accurate identification of Bacteroides spp. 
(Engelhard and Mutters, 1991). Identification of 
the strains can be performed within 4-6 hours 
after primary isolation, and the time-consuming 
conventional anaerobic identification pro- 
cedures can be avoided. 

Molecular Approaches 

Nucleic Acid Probes A variety of identifica- 
tion schemes based on restriction endonuclease 



digestion, DNA or RNA hybridization, PCR or 
a combination of these technologies have been 
used for the identification of Bacteroides spp. 
Most uses of these approaches have been in 
research laboratories, but some of these technol- 
ogies may be adapted to the clinical laboratories 
in the near future. The simplest hybridization 
approach is to take whole-chromosome DNA 
samples, transfer these to a hybridization mem- 
brane, and then probe the membranes with 
labeled chromosomal DNA from the type 
strains of the species (Morotomi et al., 1988) or 
species-specific DNA fragments (Kuritza et al., 
1986b). Using this procedure, accurate identifi- 
cation was obtained for B. fragilis in experimen- 
tal blood cultures, and quantification was 
obtained of B. thetaiotaomicron, B. uniformis, B. 
distasonis, B. ovatus, Bacteroides group 3452A 
and B. vulgatus from fecal samples. Groves and 
Clark (1987) utilized specific radiolabeled RNA 
probes, obtained from randomly cloned chromo- 
somal DNA from the B. fragilis type strain, to 
detect chromosomal DNA from clinical isolates 
of B. fragilis blotted on nitrocellulose mem- 
brane. These are highly accurate tests, but the 
use of radiolabeled probe has limited their use 
in the clinical laboratory. 



Restriction Endonuclease Analysis Restric- 
tion endonuclease analysis (REA) of the 
bacterial chromosome also has been used in 
determining the genetic relationship of microor- 
ganisms. This approach offers the advantage of 
being highly reproducible and accurate. To 
generate a fingerprint of the chromosome, total 
genomic DNA is digested with an appropriate 
restriction endonuclease and electrophoresed on 
an agarose gel. The resulting patterns are species 
specific owing to RFLR Often the RFLP patterns 
are simplified by coupling them to hybridization 
techniques that use specific DNA probes. For 
example, a ribotype, shown to have taxonomic 
and epidemiological values, can be obtained by 
using labeled ribosomal operons for 16S rRNA 
or 23S rRNA (Tang et al., 1997). Using this 
approach, distinct patterns were observed for all 
of the Bacteroides spp. and each could be easily 
differentiated (Smith and Callihan, 1992a). In 
another study, B. fragilis isolated from blood and 
feces was differentiated on the basis of REA 
and ribotype profiles of genomic DNA digested 
with Bamill and EcoRI, respectively (Kleivdal 
and Hofstad, 1995). This analysis of REA and 
rRNA gene profiles of B. fragilis revealed some 
genetic heterogeneity among the isolates and 
concluded that no particular ribotype profile 
could be associated with systemic infection. 
Ribotype profiles of B. fragilis may be useful for 
phylogenetic and epidemiological studies, but 
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the complex patterns and heterogeneity make it 
difficult for routine taxonomic studies (Bribe and 
Olsen, 2000). 

Comparison of the complex REA of chromo- 
somal DNA profiles is difficult because of the 
hundreds of fragments generated by conven- 
tional methods. To address this, differentiation of 
Bacteroides has been obtained by pulse field gel 
electrophoresis (PFGE), which has the ability to 
separate the large DNA fragments typically 
generated with rare-cutting restriction endonu- 
cleases (Shaheduzzaman et al., 1997; Tang et al., 
1997). In one study, Bacteroides spp. were iden- 
tified on the basis of total genome size and the 
number and molecular size of restriction 
fragments generated with the rare-cutting 
restriction enzyme l-Ceul. Restriction with I- 
Ceul provided distinct species-specific RFLP 
profiles, and these profiles have a significant 
correlation with the classification based on 16S 
rRNA (Shaheduzzaman et al., 1997). PFGE is a 
simple and powerful technique for studying bac- 
terial genome organization and may be useful for 
further studies on the phytogeny of the genus. 



Polymerase Chain Reaction The use of PCR 
methodology has proven to be useful in the iden- 
tification of B. fragilis and B. thetaiotaomicron 
directly from clinical specimens. PCR amplifica- 
tion of the neuraminidase, nanH, and glutamine 
synthase genes allowed direct detection of B. fra- 
gilis from clinical specimens containing other 
aerobic and anaerobic bacteria (Yamashita et al., 
1994; Jotwani et al., 1995). It was shown that the 
presence of a specific PCR amplified nanH 
product completely correlated with positive cul- 
tures for B. fragilis. Bacteroides thetaiotaomicron 
also could be identified in clinical specimens by 
PCR amplification of a specific 721-bp chromo- 
somal DNA sequence (Teng et al., 2000). 

Restriction endonuclease analysis of PCR- 
amplified DNA also has been applied to 
Bacteroides species identification. Analysis of the 
RFLP pattern generated from PCR-amplified 
16S rDNA digested with Hpall and Taql 
produced profiles that allowed identification 
of all Bacteroides species type strains and 
unequivocal identification of 93% of the 
Bacteroides clinical strains tested, compared to 
conventional methods (Stubbs et al., 2000). The 
application of 16S rDNA PCR-RFLP to species 
identification offers a rapid and accurate 
approach for identification of Bacteroides to the 
species level. A similar strategy was used by 
Kuwahara et al. (2001) to examine the 16S and 
23S rRNA internal transcribed spacer region 
among Bacteroides spp. Amplification products 
of the spacer region digested with MspI pro- 
duced distinctive species-specific RFLP patterns. 



and it was possible to differentiate 90 strains to 
the species level, including B. fragilis, B. distaso- 
nis, B. ovatus, B. eggerthii, B. thetaiotaomicron, 
B. uniformis and B. vulgatus. 

PCR methodology has been used not only for 
the detection of B. fragilis in clinical specimens 
but also for epidemiological studies. For exam- 
ple, a nested PCR amplification of the bft gene 
was developed to trace enterotoxigenic strains of 
B. fragilis in human and animal feces (Shetab et 
al., 1998). Moreover, detection of B. fragilis 
enterotoxigenic strains by PCR was instrumental 
in a study on the geographical distribution of 
ETBF, which led to the isolation and detection 
of a new bft-isoform (bft-3) in Korea (Chung et 
al., 1999a). Comparison of PCR fingerprint 
profiles of clinical isolates of B. fragilis and 
B. thetaiotaomicron showed that all B. fragilis 
strains isolated from Germany belong to the 
DNA homology group I, and all B. thetaiotaomi- 
cron isolates are genetically homologous to the 
type strain. In contrast, B. fragilis and B. thetaio- 
taomicron strains isolated from the United States 
showed a higher degree of genetic heterogeneity 
(Carlos et al., 1997). 

DNA homology studies in 1978 suggested the 
likelihood of two genetically distinct B. fragilis 
groups since they shared only 69% identical 
sequences (Johnson, 1978a). These two B. fragi- 
lis DNA homology groups are phenotypically 
homogeneous and their metabolic features do 
not offer enough information to differentiate 
these groups by conventional identification tests 
(Johnson and Ault, 1978b). In an example of the 
utility of molecular typing approaches, these 
genetically distinct groups have been separated 
by means of ribotyping, 16S rRNA sequence 
analysis, PCR amplification of the (3-lactamase 
genes cep A and cfiA, RFLP, and multi-locus 
enzyme electrophoresis profiles (Podglajen et 
al., 1995; Ruimy et al., 1996; Gutacker et al., 
2000). Presence of the cep A gene in DNA 
homology group I {cfiA is absent) and the pres- 
ence of cfiA in the group II strains {cepA is 
absent) provide a PCR strategy by which the 
two groups can be easily distinguished. Cluster 
analysis based on multi-locus electrophoretic 
profiles of 15 genetic loci separated DNA 
homology group I into 81 distinct electro- 
phoretic profile types associated with the pres- 
ence of cepA gene, whereas 9 electrophoretic 
profiles were detected for strains belonging to 
group II carrying the cfiA gene (Gutacker et al., 
2000). The differentiation of B. fragilis strains 
belonging to genetic group I or group II is useful 
for taxonomic and epidemiological studies, but 
there is no association between these groups and 
any clinical manifestations such as sepsis, 
abscesses, or diarrhea, geographical origin, or 
human or animal origin. 
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Introduction 

Members of the genus Porphyromonas are 
characterized by the production of porphyrin 
pigments. The genus Porphyromonas was recog- 
nized as a separate taxon on the basis of riboso- 
mal RNA homology and 16S rRNA data (Olsen 
et al., 1999). The most extensively characterized 
species of the genus is Porphyromonas gingivalis 
(a Gram-negative anaerobe), which has been 
long considered an important pathogen associ- 
ated with human periodontal disease. Periodon- 
tal diseases comprise a group of inflammatory 
diseases of the gingiva and supporting structures 
of the periodontium. They (the most common of 
the destructive oral inflammatory diseases) are 
characterized by the bacterially initiated conver- 
sion of a healthy gingival region to one that is 
inflamed (gingivitis) and by the destruction of 
the supporting structures of the teeth (periodon- 
titis). While a large number of different bacterial 
species exist in the periodontal environment, it 
is now recognized that the large number of bac- 
teria (bacterial load) per se does not result in the 
biological progression from health to periodon- 
tal disease. Rather the establishment and growth 
of a very few of the more than 300 proposed 
different bacterial species resident in the subgin- 
gival niche are apparently periodontopathic 
(Holt et al., 2000), and these include Fusobacte- 
rium nucleatum, Bacteroides forsythus, Prevo- 
tella intermedia. Treponema denticola and P. 
gingivalis. Porphyromonas gingivalis is essen- 
tially absent during periodontal health, but dur- 
ing disease progression to periodontitis, can 
reach a very significant percentage of the patho- 
genic microbiota. Eradication of P. gingivalis 
from the subgingival microbial population corre- 
lates with resolution of the disease (Moritz et al., 
1998). 

Description of the Genus 

The twelve species of the genus Porphyromonas 
have been isolated from the oral cavities of 
humans, dogs, cats, and nonhuman primates. 



More than likely, members of the genus are also 
associated with a large number of other warm- 
blooded animals. These organisms were origi- 
nally classified in the genus Bacteroides, which 
is phylogenetically closely related (Fig. 1). 
Members of the genus are obligatorily anaerobic, 
nonsporeforming, nonmotile rods (0.5-0. 8 by 
1.0-3.5 pm; Table 1). They have also been 
described as cocco-bacilli depending on their 
stage of growth when they are examined. 
Characteristic of the genus is the production of 
large amounts of cell-associated protoheme. The 
major fermentation end products of growth on 
complex carbohydrates (except in the case of 
asaccharolytic P. gingivalis) and proteins are 
n-butyrate, propionate and acetate. These end- 
products account for much of the malodor 
associated with oral infections. Small amounts of 
isovalerate, isobutyrate, succinate and phenylac- 
etate are also produced. While several of the 
strains (i.e., P. gingivalis and P. macacae) possess 
significant proteolytic activity, the other strains 
are relatively nonproteolytic. 

Porphyromonas gingivalis is a nonmotile, asac- 
charolytic, obligatory anaerobic coccobacillus 
exhibiting smooth, raised colonies. When grown 
on a blood agar surface, the colonies are initially 
white to cream colored. With time (4-8 days), 
these colonies darken from their edge towards 
the center to a deep red to black color, which 
correlates with the concentration of protoheme. 
The species produce a large number of enzymes, 
which are active against a broad spectrum of host 
proteins. Porphyromonas gmg/vafo-derived pro- 
teinases can cleave a number of host defense 
molecules, including proteinase inhibitors, im- 
munoglobulins, iron-containing proteins, bac- 
tericidal proteins, extracellular matrix proteins, 
and proteins intimately involved in phagocytic 
functions, such as complement fixation (Holt 
et al., 2000). Recent studies using molecular and 
immunological approaches have revealed that 
most of the P gingivalis enzymatic activity is due 
to the production of cysteine proteinases (see 
section on Gingipains in this Chapter). Metabol- 
ically, the ability of P gingivalis to secrete these 
cysteine proteinases in a host provides it with 
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distinct advantages for its survival and growth, 
including the ability to use host proteins for its 
growth and metabolism. Since these proteinases 
cleave both synthetic and host proteins after 
arginine and lysine residues, their growth is sig- 
nificantly enhanced in the presence of protein 
hydrolysates (trypticase, proteinase peptone, 
and yeast extract). Porphyromonas gingivalis 
produces a variety of virulence determinants, 
which include capsules, fimbriae, lipopolysaccha- 
rides, outer membrane proteins, and proteinases. 
Although these virulence molecules have been 
extensively described in vitro, their function 
within the confines of a host remain to be defin- 
itively determined. 

Significance 

Periodontal diseases represent a group of 
chronic inflammatory diseases of the gingiva and 
supporting periodontal tissues. Next to dental 
caries, periodontal disease is one of the most 
common oral diseases of mankind, and like car- 
ies, is initiated by bacterial infection. Although 
the effect of periodontal health (loss of denti- 
tion) on general human health has previously 

Porphyromonas 



Bacteroides 



Prevotella 

Fig. 1. Phylogenetic relationship of the genus Porphyromo- 
nas to other members of the family Bacteroideaceae. 



been regarded as a quality of life issue, recent 
epidemiological data, case studies, and initial sci- 
entific observations have begun to challenge this 
presumption. These studies suggest that peri- 
odontal disease may represent a significant risk 
factor for serious diseases such as cardiovascular 
and cerebrovascular disease (Beck et al., 1998b; 
Morrison et al., 1999), as well as potentially 
being an important cause of pre-term birth in 
pregnant women (Dasanayake et al., 2001; see 
section on Systemic Complications of Periodon- 
tal Disease in this Chapter). Should future basic 
research studies confirm these epidemiological 
associations and indeed demonstrate the caus- 
ative or exacerbative relationship of periodontal 
disease and these more severe human diseases, 
additional studies will be necessary to provide a 
mechanistic understanding of the processes gov- 
erning this association. This should ultimately 
lead to the development of novel prophylactic 
strategies to prevent the establishment of peri- 
odontal disease, such strategies lessening the 
present dependence on therapeutic strategies to 
control progression of disease following clinical 
recognition. 

Habitats 

The oral cavity is a unique anatomical site in the 
body. It is composed of multiple epithelial and 
mucosal surfaces, as well as calcified hard tissues. 
These tissues are constantly bathed by the saliva, 
a broth of glandular secretions in which variable 
levels of microorganisms and food particles are 
suspended (Fig. 2). The gingival sulcus, a 0.5 mm 
deep crevice (in healthy subjects) between the 
tooth and the gum, is the portal of entry and 



Table 1. The genus Porphyromonas. 



Classification 


Site 


Comments 


P asaccharolytica 


Periodontal pocket 


Type strain for the genus 


P cangingivalis 


Subgingival plaque 


Periodontal disease in dogs 


P canoris 


Subgingival plaque 


Periodontal disease in dogs 


P cansulci 


Subgingival plaque 


Periodontal disease in dogs 


P catoniae 


Gingival crevice 


Healthy and diseased human gingiva 


P circumdentaria 


Gingival margins of mouth 


Diseased sites in cats 


P crevioricanis 


Gingival crevicular fluids 


From beagles 


P endodontalis 


Acute periapical 


Human abscess 


P gingivalis 


Gingival sulcus 


Generalized aggressive periodontitis 




Tongue 


Periodontal abscesses 




Cheek 


Periapical abscesses 




Saliva 




P gingivicanis 


Gingival crevicular fluids 


From beagles 


P gulae 


Gingival sulcus 


From various animal hosts 


P levii 


Foot rot lesion 


Steer 


P macacae 


Periodontal pocket 


Nonhuman primate 


P salivosa 


Periodontal pocket 


Isolated form cat 



From Love et al., 1992; Love et al., 1994; M. D. Collins et al., 1994; Hirasawa and Takada, 1994; Paster et al., 1994; Willems 
and Collins, 1995; Fournier et al., 2001. 
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Fig. 2. Differences between a healthy periodontium and a site with generalized aggressive periodontal disease. Healthy site 
(on left). Site with generalized aggressive periodontal disease (on right). In a healthy site, the subgingival microflora is 
comprised predominantly of Gram-positive bacteria, although low numbers of Gram-negative bacteria such as P. gingivalis 
may be recovered from periodontally healthy people. There is an intact tooth attachment apparatus with numerous attach- 
ment fibrils, few inflammatory cells, and normal levels of alveolar bone. The shift to generalized aggressive periodontal disease 
results in a change in the composition of the subgingival microflora from predominantly Gram-positive bacteria to predom- 
inantly Gram-negative bacteria and the isolation of R gingivalis. There is a subsequent host inflammatory response to the 
elevated levels of R gingivalis in the gingival sulcus that is characterized by an increase in neutrophils (acute lesion) and 
mononuclear cells (chronic lesion) at the infected site. Additionally there is loss of the tooth attachment apparatus including 
loss of attachment fibrils with subsequent erosion of alveolar bone. In severe cases of periodontal destruction, exfoliation of 
teeth can occur. Emerging data support that R gingivalis invades the tissues subjacent to the gingival sulcus and bacteremia 
occurs, and this may be related in part to the epidemiological associations of periodontal disease with accelerated cardiovas- 
cular disease and preterm-births. 



niche for a unique bacterial ecosystem composed 
of highly adapted microorganisms, most notably 
P. gingivalis. Porphyromonas gingivalis appears 
to colonize solely subgingival sites of the oral 
cavity but has also been recovered from the 
tongue, tonsils, saliva, and supragingival dental 
plaque samples (Socransky and Haffajee, 1992). 
Porphyromonas gingivalis constitutes less than 
5% of the cultivable subgingival flora of individ- 
uals with gingivitis, but its numbers can increase 
dramatically in advanced periodontal disease. 
Since P. gingivalis is recovered almost exclusively 
from disease sites, its primary source of infection 
remains unknown. Likewise the precise mecha- 
nism by which P. gingivalis enters the human oral 
cavity and becomes established within the oral 



mucosa is not well defined. Evidence indicates 
that P. gingivalis is largely an opportunistic 
pathogen. Although studies support the trans- 
mission of P. gingivalis by intimate contact, they 
do not indicate that transmission results in 
disease. In addition, data do not exclude the 
possibility that pathogenic strains have virulence 
factors that are not present in colonizing healthy 
individuals. Transient changes in the host 
immune response and the indigenous microflora 
may be important cues to P. gingivalis to produce 
a set of factors that are required for pathogenesis 
(Forng et al., 2000). In addition, the ability of 
P. gingivalis to colonize periodontal sites appears 
to correlate with the ability of the organism to 
obtain nutrients for growth and with the anaer- 
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obic microenvironment within this site (see sec- 
tion on Hemin Acquisition in this Chapter). 

Porphyromonas gingivalis encounters a series 
of obstacles, which are aimed at exclusion of 
the organism, during colonization of the gingi- 
val pocket and include antimicrobial effects of 
saliva, competition for attachment sites by the 
antecedent microbiota of the dental plaque, the 
physical barriers of the gingival environment, as 
well as the host immune response to this organ- 
ism. Previous work has demonstrated that P. 
gingivalis can bind to other bacteria as well as 
saliva-coated hydroxyapatite particles via fim- 
briae and thus gain a foothold in the oral cavity 
and the gingival sulcus. Additionally, fimbriae 
are important in promoting P. gingivalis attach- 
ment to, and subsequent invasion of, gingival 
epithelial cells (see section on Fimbriae in this 
Chapter). 

Isolation and Identification 

The isolation and identification of the bacterial 
pathogens associated with periodontal disease 
have been complicated by the large number of 
bacterial species (more than 300) present in the 
oral environment (Holt et al., 2000). Despite 
this complexity, only a few are clinically asso- 
ciated with this disease, and P gingivalis is the 
predominate organism associated with general- 
ized aggressive periodontal disease. The genus 
Porphyromonas is a member of the family 
Bacteroideaceae. Members of this family are 
obligatory anaerobic, nonmotile, nonsporeform- 
ing and Gram negative. The porphyromonads 
can be distinguished from other members of the 
family Bacteroideaceae by black-pigmented col- 
onies that develop from cream-colored colonies 
during growth on blood agar plates, a conse- 
quence of storing iron on the surface of these 
bacteria in the form of protoheme (Shah et al., 
1979). Colonies are shiny, convex with smooth 
edges that appear wet, and slightly mucoid. Pro- 
teins constitute the primary source of metabolic 
energy for members of the genus Porphyromo- 
nas. Porphyromonas gingivalis is an aeroto- 
lerant, asaccharolytic member of the genus. 
Saccharolytic members (including P. levii and P. 
macacae) weakly ferment glucose, lactose and/ 
or mannose. The major long chain fatty acid 
produced by the genus Porphyromonas is iso- 
Ci 5 ;o, and the G+C content is 46-54 mol% 
(Olsen et al., 1999). Isolation of Porphyromonas 
from dental plaque was previously routinely 
performed on vancomycin-kanamycin blood 
agar plates. More recently, a selective medium 
containing colistin, bacitracin and nalidixic acid 
has been developed for isolation of P. gingivalis 
(Hunt et al., 1986). 



Clinical Diagnosis of 
Periodontal Disease 

Following bacterial colonization of the host, the 
first phase of periodontal disease is characterized 
by gingivitis (i.e., the conversion of healthy gin- 
gival tissue to infiamed tissue). Progression from 
gingivitis to periodontal disease is determined by 
several factors including erosion of the support- 
ing attachment apparatus of the teeth and loss of 
osseous tissue. Assessment of periodontal dis- 
ease is primarily defined radiographically and by 
assessment of the degree of tooth attachment 
loss using a periodontal probe. In severe cases of 
periodontal disease early loss of dentition can 
occur. Recently, a reclassification of the various 
forms of periodontal diseases of humans has 
been performed on the basis of sets of defined 
clinical definitions (Armitage, 1999). Previous 
classification schemes of periodontal disease 
were inadequate and consisted of classifications 
such as early onset (juvenile) periodontitis 
(EOP) including localized juvenile periodontitis 
(LJP; etiological agent, Actinobacillus actino- 
mycetemcomitans) or adult periodontal diseases 
including rapidly progressive periodontal disease 
(RPP; etiological agent, P. gingivalis); however, 
it was recognized that the temporal aspects of 
these conditions were usually not known to the 
clinician. The new classification scheme consists 
of the major headings: I. Chronic Periodontitis; 
II. Aggressive Periodontitis; III. Periodontitis as 
a Manifestation of Systemic Diseases; IV. Necro- 
tizing Periodontal Disease; and V. Periodontitis 
Associated with Endodontic Lesions. Thus, pre- 
vious classification of LJP is now localized 
aggressive periodontitis, and the classification of 
RPP is either generalized aggressive periodonti- 
tis or chronic periodontitis (Armitage, 1999). 
This new classification scheme will provide 
defined criteria on which to base detailed exper- 
imental studies into the precise etiology, patho- 
genesis and treatment regimens for periodontal 
disease. 

Localized and generalized forms of both 
chronic and aggressive periodontal disease exist. 
Localized forms typically involve <30% of the 
sites, while generalized periodontal disease 
involves 30% of the sites. A severity index based 
on the observed amount of attachment loss 
(slight [1-2 mm], moderate [3-4 mm], or severe 
[5 mm]) can be applied in each case. Periodontal 
lesions of patients with generalized aggressive 
periodontal disease present with a predomi- 
nately neutrophilic cellular infiltrate in the early 
stages of disease. Interestingly, the cellular com- 
position of a chronic lesion is predominantly 
monocyte-rich and consists primarily of B cells, 
plasma cells and T cells. Commonly, a fiow-rate 
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increase is observed in the gingival crevicular 
fluid (a plasma-derived fluid). 

Patients with HIV commonly present with oral 
infections, and certain lesions such as oral 
candidiosis or hairy leukoplakia play a part in 
the diagnosis and staging of HIV infection 
(Greenspan and Greenspan, 1996). Additionally, 
severe periodontal infections such as necrotizing 
ulcerative periodontitis though rare in healthy 
people are observed in 6-10% of people with 
significant HIV-related infection. Although the 
specific immune defect during HIV infection 
that mediates the acceleration of periodontal 
disease is not known, it is speculated that the 
deficiency in T helper cell-mediated immunity 
plays a significant role in the establishment of 
necrotizing ulcerative periodontitis (Greenspan 
and Greenspan, 1996). The specific impact of 
HIV infection on more aggressive forms of 
P. gmg/va/A-mediated periodontal disease is yet 
to be determined. 

Because the immune response is important in 
controlling infectious disease, understanding the 
impact of immunosuppression on periodontal 
disease is important. Organ transplant recipients 
receive chemical immunosuppressive drugs such 
as cyclosporin or nifedipine to prevent tissue 
rejection. A common side effect of cyclosporin 
therapy is gingival enlargement (in up to 30% of 
patients). However, the effect of cyclosporin- 
mediated immunosuppression on accelerated 
periodontal disease is contentious, as both accel- 
eration and protection from periodontal break- 
down have been reported (Thomason et al., 
1994). Similarly, cancer therapy may exacerbate 
periodontal infections. High levels of radiation 
adversely affect the periodontium by involving 
blood vessels to the periodontium and the peri- 
odontal ligament, thus limiting vascular flow and 
affecting bone repair. Furthermore, irradiated 
teeth suffer from greater attachment loss than do 
non-irradiated teeth. Additionally patients with 
certain types of leukemia that receive chemo- 
therapy and present with neutrophil dysfunction 
or neutropenia commonly present with a highly 
attenuated inflammatory response and limited 
soft tissue healing (Epstein and Stevenson- 
Moore, 2001). 

Treatment of Periodontal Disease 

Gingivitis and periodontal disease are the two 
most common forms of inflammatory diseases of 
the periodontium. Gingivitis is a reversible dis- 
ease that commonly can be treated by improving 
the patient’s daily plaque control, as well as 
regularly scheduled professional cleaning. For 
patients with periodontal disease, the treatment 
regimen is significantly different, and commonly 



the therapy often must be tailored to each indi- 
vidual case on the basis of pattern of attachment 
loss, local anatomical differences, and type of 
periodontal disease (Research, Science and 
Therapy Committee of the American Academy 
of Periodontology, 2001). Therapy for patients 
with chronic periodontal disease is aimed at 
reducing the factors responsible for eliciting the 
breakdown of the periodontium. This includes 
scaling (removal of the buildup of dental calculus 
in the periodontal pocket) and root planing 
(smoothing of the root surface to promote epi- 
thelial reattachment and healing); antimicrobial 
chemotherapy and surgery to correct the defects 
and promote tooth attachment and bone regen- 
eration. Scaling and root planing, combined with 
personal plaque reduction measures, have been 
shown to be effective for the control of perio- 
dontal disease, particularly by shifting the com- 
position of the subgingival microflora from one 
consisting of Gram-negative anaerobic organ- 
isms such as P. gingivalis to one more closely 
associated with periodontal health (Magnusson 
et al., 1984), reducing clinical measures of inflam- 
mation, as well as promoting clinical attachment 
and decreasing probing depths. However, not all 
sites infected with P gingivalis respond to scaling 
and root planing, particularly deep periodontal 
pockets. In these cases, additional modes of ther- 
apy should be used. Other therapies that show 
promise include the use of growth factors, matrix 
proteins, and stimulators of bone morphogene- 
sis. The primary goal of all surgical therapy is to 
significantly decrease the microbial burden and 
provide an environment to restore periodontal 
attachment and regeneration of lost tissue. The 
primary risk factor that complicates the potential 
benefits of surgical therapy is tobacco use 
(Haber et al., 1993). Other factors can also com- 
plicate the intervention process and include host 
factors such as diabetes. 

Commonly, antimicrobial chemotherapy is 
incorporated into the clinical treatment regimen 
of periodontal disease and includes both local 
and/or systemic therapy. Those antibiotics most 
commonly used are highly effective against 
Gram-negative anaerobic organisms {P. gingiva- 
lis, B. forsythus and P. intermedia) and include 
metronidozole and tetracycline. More recently, 
nonsteroidal, anti-inflammatory drugs such as 
flurbiprofen, ibuprofen and naproxen have 
shown benefits in reducing loss of alveolar bone, 
the osseous tissue supporting the tooth. In addi- 
tion, subantimicrobial doses of doxycycline regi- 
men have also been shown to be effective in 
treatment of periodontal disease. In 2000, the 
United States Food and Drug Administration 
(FDA) approved the systemic collagenase inhib- 
itor therapy consisting of 20 mg of doxycycline 
hy elate as an adjunct to scaling and root planing; 
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however, only limited improvement in periodon- 
tal status has been reported (Research, Science 
and Therapy Committee of the American Acad- 
emy of Periodontology, 2001). Local delivery of 
antibiotics has also been shown to be beneficial 
for periodontal therapy, as the antibiotic is deliv- 
ered directly to the diseased site at bactericidal 
levels. The FDA has approved several local deliv- 
ery systems including ethylene vinyl acetate fiber 
with tetracycline, a gelatin chip with chlorohexi- 
dine, a polymer with minocycline, and a bio- 
absorbable gel containing doxycycline hyclate 
(Research, Science and Therapy Committee 
of the American Academy of Periodontology, 
2001 ). 

Porphyromonas gingivalis 
Virulence Factors 

Fimbriae 

With only one or two exceptions, all of the R 
gingivalis strains so far examined contain fim- 
briae arranged in a peritrichous fashion over the 
surface of the cell (Handley and Tipler, 1986; 
Fig. 3). These structures have been isolated, 
purified and examined both chemically and 
structurally (Sojar et al., 1991; Yoshimura et al., 
1993; Lee et al., 1995). The gene encoding the 
R gingivalis fimbriae (fimA) is resident on the 
chromosome as a single copy, and all R gingivalis 
strains so far examined contain the gene 
(Dickinson et al., 1988; Takahashi et al., 1992; 
Fujiwara et al., 1993; Sharma et al., 1993; 
Washington et al., 1993). The R. gingivalis fim- 
briae are not related to fimbriae produced by 
other black-pigmented Bacteroides species or to 
most of the other Gram-negative prokaryotes. 
Different R. gingivalis strains produce fimbriae 
that are heterogeneous with respect to anti- 
genicity, molecular weight of the fimbrillin 
subunit, N'-terminal sequence of the fimbrillin 
protein, and DNA sequence (Yoshimura et al., 
1984; Yoshimura et al., 1985; Lee et al., 1991; 
Ogawa et al., 1991; Loos and Dyer, 1992; 
Fujiwara et al., 1993). Amino acid sequence anal- 
ysis of the R. gingivalis fimbrillins has placed 
them into four to six major groups (Hamada et 
al., 1994). Considerable heterogeneity in fimA 
exists amongst R. gingivalis strains. Since only 
one fimA gene copy is found on the chromo- 
some, the variation in the fimbrillin gene is most 
likely due to mutational events and/or genetic 
exchange between strains and not due to anti- 
genic variation of the fimbriae within the strain. 
To date, no fimbrillin phase variation has been 
identified within a R. gingivalis strain. Recently a 
two-component regulatory system has been 
described in R. gingivalis, which appears to be 




Fig. 3. Porphyromonas gingivalis virulence factors. This 
Gram-negative pathogen possesses a broad armamentarium 
of virulence factors that likely play a significant role in the 
establishment of periodontal disease. Although not precisely 
known, it is well established that the development of peri- 
odontal disease in response to P gingivalis infection is the 
result of a complex interplay between the host defenses and 
the virulence factors expressed by this organism. 



involved in regulation of fimbrillin expression 
(Hayashi et al., 2000). 

There is strong evidence that R. gingivalis fim- 
briae are responsible for binding the bacterium 
to host tissues. Purified native fimbriae, recombi- 
nant fimbriae, synthetic peptides based on the 
coding region of fimA, and anti-fimbriae sera are 
effective in preventing the attachment of R gin- 
givalis cells to epithelial, fibroblast, and endothe- 
lial cell culture systems (Lee et al., 1992; Sharma 
et al., 1993; Njoroge et al., 1997; Nassar et al., 
2002). Rorphyromonas gingivalis fimA knockout 
mutants also exhibit a nonadherent and non- 
invasive phenotype in epithelial, fibroblast, and 
endothelial cell culture systems (Weinberg et al., 
1997). Ogawa et al. (1997) investigated the con- 
tribution of various regions of the fimbriae bind- 
ing to a human gingival fibroblast cell line. 
Peptides containing amino acids 1-20, 69-80, and 
171-181 strongly inhibited binding of purified 
fimbriae. All of the inhibitory peptides contained 
the amino acid sequence XLTX. The addition of 
R gingivalis fimbrillin-specific peptides to the N- 
terminal domain of fimbrillin to human umbilical 
vein endothelial cells (HUVEC) also stimulates 




434 F.C. Gibson and C.A. Genco 



CHAPTER 6.2 



interleukin (IL)-8 and monocyte chemoattrac- 
tant protein (MCP)-l in these cells (Khlgatian 
et al, 2002), as well as the cell adhesion mole- 
cules intercellular adhesion molecule (ICAM)-l, 
vascular cell adhesion molecule (VCAM)-l and 
P- and E-selectins (Khlgatian et al, 2002). It has 
recently been reported that P. gingivalis fimbriae 
promote adhesion to gingival epithelial cells 
through interaction with (31 integrins (Yilmaz 
et al, 2002). 

The intact fimbriae, fimbrillin subunits, or 
synthetic fimbrial peptides of P. gingivalis are 
also capable of eliciting several important host- 
associated biological responses, which could 
result in harmful effects in vivo. These include 
the production of fibroblast-derived thymocyte- 
activating factor from human gingival fibroblasts 
(Hirose, 1990), IL-1, neutrophil chemotactic 
factor KC, and tumor necrosis factor (TNF)-a 
from mouse peritoneal macrophages (Hanazawa 
et al., 1991; Hanazawa et al., 1992; Murakami 
et al., 1993), and IL-6, IL-8 and TNF-a in human 
peripheral blood monocytes (Ogawa et al., 1991; 
Hamada et al., 1994). The fimbriae also appear 
to function as adjuvants (Ogawa et al., 1991; 
Hamada et al., 1994), as well as being capable of 
stimulating mitogenic and polyclonal B-cell acti- 
vation in mouse splenocytes (Ogawa et al., 1991). 
The fimbriae are also highly immunogenic, 
eliciting both an antibody and cell mediated 
response in serum and saliva (Ogawa et al., 1992; 
Kusumoto et al., 1993; Hamada et al., 1994; 
Isogai et al., 1994). Animal experiments have 
also been conducted, which strongly implicate a 
role for fimbriae in tissue destruction (Evans 
et al., 1992a; Malek et al., 1994). Immunization 
of gnotobiotic rats with P. gingivalis fimbriae 
resulted in the protection of the animals from 
periodontal damage when challenged with live 
P. gingivalis (Evans et al., 1992a). Infection of 
gnotobiotic rats or mice with a fimA knock-out 
strain of P. gingivalis resulted in a markedly 
reduced bone loss in comparison to animals 
infected with the wildtype strain (Malek et al., 
1994). 

Minor Fimbriae 

Electron microscopic examination of a E gingi- 
valis fimA mutant revealed that while the long, 
thin, classical fimbriae were absent, the surface 
of these cells was sparsely covered with short 
fimbriae-like structures, which were unreactive 
with anti-fimbrial antibody (Hamada et al., 
1996). Hamada et al. (1996) isolated and charac- 
terized these “minor fimbriae” from the mutant 
strain, and they were found to have a higher 
estimated molecular weight than the major fim- 
brillin, 67 kDa and 41 kDa, respectively. Amino 
acid compositional analysis of the two fimbriae 



showed that they contained similar amino acids 
and were rich in hydrophobic amino acids. The 
two fimbriae were also antigenically distinct 
from one another. Antiserum against the 67-kDa 
fimbriae recognized the short (0. 1-0.5 pm) fim- 
briae found on the mutant but did not react with 
the long (0.5-1. 0 pm) fimbriae in the wildtype 
strain. While the wildtype fimbriae were involved 
in adherence to both epithelial cells and fibro- 
blasts, as well as initiating hemagglutination 
reactions, the minor fimbriae did not possess any 
hemagglutinating activity. The minor fimbrial 
protein induces IL-1, IL-6 and TNF expression 
in macrophages (Hamada et al., 2002). Recent 
work in a rat animal model also supports a role 
for the P. gingivalis minor fimbriae in bone loss 
(Umemoto and Hamada, 2003). 

Gingipains 

The P. gingivalis cysteine proteinases (gingi- 
pains) have been recognized as major virulence 
factors of this organism owing to their ability to 
degrade and inactivate a number of host struc- 
tural and defense proteins. The P. gingivalis gin- 
gipains cleave synthetic and natural substrates 
after arginine and lysine residues and have been 
designated “gingipain R” and “gingipain K,” 
respectively. The genes encoding the arginine- 
{rgpA and rgpB) and the lysine-(A:gp) specific 
gingipains have been well characterized 
(Potempa et al., 1995a; Potempa et al., 1995b). 
The translated portion of both the rgpA and kgp 
genes is composed of four functional regions: the 
signal peptide, the NH 2 -terminal prosequence, 
the mature proteinase domain, and the COOH- 
terminal hemagglutinin domain (Okamoto et 
al., 1996). The COOH-terminal hemagglutinin 
domain has been demonstrated to bind fibrino- 
gen, fibronectin, hemoglobin, and a number 
of additional substrates. The rgpB gene, 
which encodes the RgpB protein, is missing 
the COOH-terminal hemagglutinin domain 
(Potempa et al., 1995a; Genco et al., 1999; 
Fig. 4). In some strains of P gingivalis, RgpA, 
RgpB and Kgp remain attached to the outer 
membrane, while in others these proteins are 
found extracellularly. The gingipains are also 
found associated with outer membrane blebs 
(Fig. 4). The crystal structure of RgpB has 
recently been reported (Fig. 5). 

RgpA and RgpB are very potent vascular per- 
meability enhancement (VPE) factors of P. gin- 
givalis, inducing this activity through plasma 
prekallikrein activation and subsequent bradyki- 
nin release. By itself, Kgp is not able to induce 
VPE in human plasma, but working in concert 
with RgpA and RgpB, the pair can induce VPE 
by cleaving bradykinin directly from high molec- 
ular weight kininogen (Fig. 6). Also, RgpA is a 
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n Catalytic domain (48 kDa RgpA and RgpB; 52 kDa Kgp) 

I I Hemagglutinin domain 1 (44 kDa RgpA; 40 kDa Kgp) 

I I Hemagglutinin domain 2 (15 kDa) 

Hemagglutinin domain 3 (17 kDa) 

Hemagglutinin domain 4 (27 kDa) 

Fig. 4. Structure of the gingipains. The division of gingipains into two groups (arginine-specific [RgpA and RgpB] cysteine- 
proteinases and lysine-specific [Kgp]) is based on amino acid substrate specificity. RgpA and RgpB are encoded by two 
different genes, rgpA and rgpB. Structurally RgpA possesses a catalytic domain (48 kDa) and a hemagglutinin domain 
comprised of four subdomains (44, 15, 17, and 27 kDa), while RgpB possesses the catalytic domain and a small nonfunctional 
portion of the hemagglutinin domain. Kgp structurally resembles RgpA, as Kgp possesses both a catalytic (52 kDa) and 
hemagglutinin domain with four subdomains (40, 15, 17, and 27 kDa). The percentage values define the percent identity of 
the two compared regions of the hemagglutinin domains of RgpA and Kgp. 




% = percentage identity between the two compared 
regions of the hemagglutinin domains of RgpA 
and Kgp 



very efficient enzyme in terms of the generation 
of a potent chemo tactic factor, C5a, through 
direct cleavage of C5, which likely contributes 
to the significant leukocyte infiltration at 
P. gingivalis-inducQd periodontitis lesions. At the 
same time, the enzyme degrades C3 and in 
this way eliminates the creation of C3-derived 
opsonins, thus rendering R gingivalis resistant to 
phagocytosis (Cutler et al, 1993). The massive 
accumulation of neutrophils in the inflamed peri- 
odontal tissue importantly contributes to the 
very high levels of active granular proteinases 
(elastase, cathepsin G, gelatinase, and collage- 
nase) in gingival crevicular fluid that may be 
responsible for connective tissue destruction. In 
such a highly proteolytic environment, subgingi- 
val plaque bacteria would clearly thrive owing to 
the presence of high concentrations of peptides 
and amino acids (Fig. 6), thus further aggravating 
tissue destruction. In addition, RgpA and RgpB 
have been reported to degrade host matrix pro- 
teins, which in turn may lead to increased expo- 
sure of the cryptic ligands that can result in 
enhanced fimbria-mediated binding of R gingi- 
valis to periodontal tissues. Recent studies indi- 



cating that RgpA can activate factor X suggest 
that this gingipain could be responsible for the 
production of thrombin (Imamura et al., 1997). 

Among the plasma proteins, fibrinogen seems 
to be the major target for Kgp. In vitro, this 
enzyme degrades the fibrinogen A a-chain 
within minutes, thus rendering it nonclottable. 
The nonrestricted Kgp activity in periodontal 
pockets has been postulated to contribute to a 
bleeding tendency, especially since it also 
destroys the procoagulant portion of high molec- 
ular weight kininogen (Imamura et al., 1995). 
The ability of the hemagglutinin domains of R 
gingivalis RgpA and Kgp to hemagglutinate 
erythrocytes has also been well documented 
(Potempa et al., 2000). The proteinase- 
hemagglutinin complexes may thus be important 
in the uptake of essential growth factors, via 
hemagglutination, hemolysis of erythrocytes, 
and subsequent degradation of hemoglobin 
(Potempa et al., 2000). 

Several reports have further defined the role 
of the P. gingivalis gingipains in virulence using 
various animal models (Genco et al., 1999). Inac- 
tivation of P. gingivalis cysteine proteinases 
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Fig. 5. The X-ray crystallographic structure of RgpB. The catalytic domain of RgpB is subdivided into two subdomains 
comprised of 4- and 6-strand (^-sheets sandwiched between single p-helices. The crystal structures of RgpA and Kgp are 
currently not known. From Eichinger et al. (1999). 
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Fig. 6. Known functional roles of the 
gingipains of P. gingivalis. Gingipains 
are found in either cell bound or 
secreted forms and have been shown 
to possess both degradative and 
immune activating activities, which 
likely play a significant role in the 
establishment of periodontal disease. 
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including the gingipains prior to infection in mice 
resulted in a decrease in R gingivalis virulence in 
a mouse chamber model (Genco et al, 1999). 
Porphyromonas gingivalis rgpA rgpB mutants 
have been shown to exhibit a marked reduc- 
tion in virulence in a mouse abscess model 
(Nakayama et al, 1995). The gingipains may con- 
tribute to the virulence potential of R gingivalis 
in a multifactorial manner by influencing adher- 
ence to host tissues, degrading host proteins, and 
disturbing host defenses (Potempa et al., 2000). 
Further, it is known that RgpA and RgpB may 
act as processing proteinases responsible for self- 
maturation, as well as for maturation of Kgp, 
fimbrillin, and a 75-kDa outer membrane pro- 
tein. Since fimbrillin, RgpA, RgpB, and Kgp 
have been documented in the virulence potential 
of P. gingivalis, gingipains may play a central role 
in the pathogenesis of periodontal disease via the 
production of pathophysiologically significant 
bacterial proteins. 



Hemagglutinins 

Porphyromonas gingivalis produces several 
distinct hemagglutinins, which are cell surface 
associated proteins that aid in binding of the bac- 
terium to host cells. Multiple hemagglutinin 
genes have been identified from P gingivalis 
(Holt et al., 2000). As discussed above, polypep- 
tides corresponding to the C-terminal domains 
of the gingipains possess hemagglutnin activity 
(Potempa et al., 2000). Three additional hemag- 
glutinins have been described. Han et al. (1996) 
cloned and sequenced the hagA gene, which was 
found to be 7,887 bp in length, encoding a 
protein of 2,628 amino acids with a molecular 
mass of 283.3 kDa. Within its open reading 
frame, four large, contiguous, direct repeats 
(varying from 1,318 to 1,368 bp) were identified. 
The repeat unit (HArep), which was assumed to 
contain the hemagglutinin domain, was also 
present in other recently reported protease and 
hemagglutinin genes in P gingivalis. The pres- 
ence of multiple repeat units may provide a 
means for hagA to undergo rearrangements 
(duplications or deletions of a repeat unit) and 
thus antigenic variation. In addition to HagA, 
HagB and HagC have been characterized and 
demonstrated to hemagglutinate red blood cells 
(Lepine et al., 1996b); however, the exact role of 
these hemagglutinins in pathogenesis has not 
been defined. 

Hemin Acquisition Nutrients are limited in the 
subgingival crevice and successful colonization 
by P. gingivalis is dependent on the ability of 
this organism to capture essential nutrients for 
growth. Perhaps the most obvious of these nutri- 



ent requirements is the P gingivalis requirement 
for hemin (Cutler et al., 1995). Although hemin 
is a major component of gingival crevice fluid, 
host iron-chelating proteins such as haptoglobin, 
albumin, and hemopexin make hemin unavail- 
able for microorganisms (Genco and Dixon, 
2001). A P gingivalis outer membrane receptor 
(HmuR), which is required for both hemoglobin 
and hemin utilization in P. gingivalis, has been 
described and well characterized (Simpson et al., 
2000). Inactivation of hmuR resulted in a dimin- 
ished ability of P. gingivalis to bind hemoglobin 
and to grow with hemoglobin or hemin as sole 
iron source. Recombinant HmuR has also been 
demonstrated to bind hemin and hemoglobin 
(Olczak et al., 2001). Thus, HmuR appears to 
serve as a major outer membrane hemoglobin 
receptor in P gingivalis. 

The lysine specific cysteine protease (Kgp) has 
also been demonstrated to specifically bind 
hemoglobin; however, it is not clear which part 
of the Kgp complex participates in hemoglobin 
binding (Sroka et al., 2001). Kgp can also cleave 
hemoglobin (Nakayama et al., 1995; Abe et al., 
1998; DeCarlo et al., 1999; Lewis et al., 1999; 
Simpson et al., 2000; Sroka et al., 2001). Porphy- 
romonas gingivalis kgp mutants grow poorly 
with hemin or hemoglobin as sole iron sources, 
further supporting a role for Kgp in hemin and 
hemoglobin utilization (Genco, 1995a; Simpson 
et al., 1999). Furthermore, a P. gingivalis hmuR 
kgp mutant displayed a nonpigmented colony 
phenotype, bound less hemoglobin as compared 
to the parent strain, and did not grow with hemin 
or hemoglobin as sole iron source. Although 
Kgp can be found associated with the P. gingiva- 
lis outer membrane, it is premature to classify 
Kgp as a receptor. The amino acid sequence of 
Kgp has no similarity to TonB -dependent outer 
membrane proteins. Rather Kgp may function as 
a soluble hemoglobin binding protein (hemo- 
phore), which captures hemoglobin and delivers 
it to a second outer-membrane-associated recep- 
tor, possibly the hemoglobin receptor HmuR. 
Indeed, we have demonstrated that HmuR inter- 
acts with Kgp. This may represent the most effi- 
cient system of heme/hemoglobin delivery in P. 
gingivalis. Kgp has been proposed to function as 
a hemophore that facilitates hemoglobin utiliza- 
tion via HmuR. While HmuR may be capable of 
permitting growth of P. gingivalis with hemoglo- 
bin, an interaction with Kgp may increase the 
overall efficiency of the system. 

In addition to the hemoglobin receptor, 
HmuR, it has been reported that P. gingivalis 
possesses three additional putative TonB- 
dependent hemin receptors (HemR, Tla and 
IhtA). It is possible that HemR, Tla and IhtA 
could function to bind hemin directly; however, 
conclusive evidence for the role of these proteins 
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in hemin binding has not been reported. A R 
gingivalis tla mutant was demonstrated to grow 
with high levels of hemin; however, growth was 
decreased with low levels of hemin (Aduse- 
Opoku et al, 1997). These results indicate that 
Tla is involved in hemin transport; however, it is 
not known whether Tla functions in heme cap- 
ture or in heme binding via a receptor-like mech- 
anism. Definitive roles for HemR and IhtA 
proteins in hemin transport have not been delin- 
eated since Karunakaran et al. (1997) and Dash- 
per et al. (2000) were unable to construct P. 
gingivalis mutants in these proteins. 



Lipopolysaccharide (LPS) In comparison to 
the classical LPS of Salmonella typhimurium and 
Escherichia coli, R gingivalis LPS was signifi- 
cantly less endotoxic when assayed by the 
Limulus amoebocyte lysate assay, Schwartzman 
reaction, lethality in galactosamine-sensitized 
mice, and pyrogenicity assay (Nair et al., 1983; 
Fujiwara et al., 1990; Takada et al., 1990). Endo- 
toxic activity is confined to lipid A, while signif- 
icant immunobiological activity is contained 
within the O-antigen (Takada et al., 1990). Stud- 
ies by Ogawa et al. (1994b) and Tanamoto et al. 
(1997a) demonstrating that R gingivalis LPS is a 
poor activator of IL-1 and TNF-a, as compared 
to enterobacterial LPS, are in contrast to other 
studies which demonstrated that R gingivalis 
LPS stimulates equivalent or higher amounts 
of IL-1/IL-1(3 (Hanazawa et al., 1985; Koga 
et al., 1985; Lindemann et al., 1988; Yamazaki 
et al., 1992; Agarwal et al., 1995) and TNF-a 
(Lindemann et al., 1988; Agarwal et al., 1995) 
from human and murine cells. Bramanti et al. 
(1989) and Sismey-Durrant and Hopps (1991) 
also reported that P. gingivalis LPS was able 
to stimulate the production of prostaglandin 
E 2 (PGE 2 ) from mouse macrophages and rat 
and human gingival fibroblasts. Similar results 
reported by Tamura et al. (Tamura et al., 1992; 
Tamura et al., 1992) have also demonstrated IL- 
1 and IL-8 stimulation by P. gingivalis LPS in 
human gingival fibroblast cells. While there are 
reports that P. gingivalis LPS is capable of induc- 
ing IL-6 in human gingival fibroblasts (Bartold 
and Haynes, 1991), this induction is thought to 
be the result of an indirect effect of the LPS 
stimulating the production of IL-1 (3 (Yamazaki 
et al., 1992). Porphyromonas gingivalis LPS does 
not stimulate the expression of E-selectin in 
human umbilical cord endothelial cells, nor does 
it stimulate neutrophil adhesion to these cells. 
Employing an in vivo mouse model, Reife et al. 
(1995) demonstrated that purified P. gingivalis 
LPS mediated a variety of inflammatory re- 
sponses; however, it did not induce an inflam- 
matory cellular infiltrate, the production of P- or 



E-selectin, or the production of monocyte 
chemoattractant protein (MCP)-l or fibroblast- 
induced cytokine. The differences in the immu- 
nopharmacologic activity of P. gingivalis LPS are 
thought to be due to differences in the chemical 
structure of P. gingivalis LPS and that of the 
enterobacterial molecule (i.e., specifically, the 
absence of the 4'-phosphate group and the loca- 
tion and nature of the fatty acids on the P. gingi- 
valis lipid A; Takada, 1992; Ogawa, 1994a; 
Tanamoto et al., 1997b). 

Shapira et al. (1994) determined that P. gingi- 
valis LPS stimulates cytokine secretion in mono- 
cytes by binding to CD14 after the LPS has 
interacted with soluble serum factors. In contrast 
to that reported for the enteric LPS, P. gingivalis 
LPS was not able to activate nonmyeloid cells 
and was, for the most part, significantly less 
effective than the enteric LPS in activating 
myeloid cells (Ogawa, 1994a; Darveau et al., 
1995; Cunningham et al., 1996; Tanamoto et al., 
1997b). It appears that this inability of P gingi- 
valis LPS to stimulate myeloid cells is due to its 
approximately 100-fold lower ability to bind LPS 
binding protein (LBP; Cunningham et al., 1996) 
compared to that observed for the E. coli LPS. 
The mechanism by which soluble CD 14 binds to 
LPS -LBP complex is different in P. gingivalis 
compared to E. coli (Shapira et al., 1994). Since 
P. gingivalis LPS-LBP complex is capable of 
binding to soluble CD 14 (Cunningham et al., 
1996), some other factor(s) must be responsible 
for the inability of these complexes to stimulate 
nonmyeloid cells when they come in contact with 
LPS from P. gingivalis. The low biological activ- 
ity of P. gingivalis, especially its very low endo- 
toxicity, may reflect the organism’s ability to 
colonize and grow in sterile tissue undetected by 
the host (Darveau et al., 1995). 

Capsule 

Many bacteria produce capsular polysaccharides, 
and the importance of capsular polysaccharides 
in infectious diseases has been studied in detail 
(Lindberg, 1999). Epidemiological and case 
report data indicate that, of the infections caused 
by anaerobic bacteria, the majority of these 
isolates are encapsulated (Kasper et al., 1977; 
Onderdonk et al., 1977; Brook and Walker, 1983; 
Brook, 1994; Califano et al., 1999) and include 
Bacteroides sp., Prevotella sp., Pusohacterium 
sp. and Porphyromonas sp. (Brook, 1994). The 
sugar composition of P. gingivalis capsular 
polysaccharide has been shown to consist of 
glucose, glucosamine, galactosamine and galac- 
tosaminuronic acid residues, while the LPS 
saccharide chains are comprised primarily of 
rhamnose, glucose and galactose (Schifferle 
et al., 1989). Bramanti et al. (1989) reported that 
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the polysaccharide component of R gingivalis 
LPS was rhamnose, glucose, galactose, mannose, 
glucosamine and galactosamine. More recent 
chemical analysis of P. gingivalis surface polysac- 
charides by Farquharson et al. (2000) reported 
the saccharide structure of P. gingivalis capsular 
polysaccharide consisted of mannuronic acid, 
glucuronic acid, galactose, and 2-acetamido-2- 
deoxy-D-glucose. To date, six capsular serotypes 
of P. gingivalis have been described (Laine et al, 
1996); however, a significant number of non- 
typeable P. gingivalis capsule serotypes appear 
to exist (Laine et al, 1997). Epidemiological 
studies are beginning to define the distribution 
of these serotypes associated with human peri- 
odontal disease (Laine et al, 1997; Calif ano 
et al, 1999). 

Porphyromonas gingivalis capsular polysac- 
charide appears to promote phagocytosis of this 
organism by polymorphonuclear neutrophils 
(PMNs), as a polysaccharide mutant was more 
resistant to opsonophagocytic uptake by PMNs 
(Genco et al., 1995b). Van Winkelhoff et al. 
(1993) reported that encapsulated P. gingivalis 
causes serious forms of infection using a murine 
model. Laine and van Winkelhoff (1998) con- 
firmed this observation and demonstrated that 
mice challenged with encapsulated P. gingivalis 
developed more severe infections than mice 
challenged with unencapsulated strains. Lithium 
diiodosalicylate extracts of P gingivalis possess 
vaccine potential; however, this extract is com- 
plex and likely contains several antigens includ- 
ing capsular polysaccharide (Chen et al., 1990). 
A conjugate vaccine consisting of P. gingivalis 
capsular polysaccharide and P. gingivalis fim- 
briae was shown to prevent P. gingivalis infection 
using a murine subcutaneous challenge model 
(Choi et al., 1998). Additionally emerging animal 
model data support that purified P gingivalis 
CPS (capsular polysaccharide) may represent a 
novel vaccine candidate as mice immunized with 
P gingivalis CPS developed elevated serum 
levels of IgM and IgG that reacted with P. gingi- 
valis whole organisms, and these animals were 
protected from P. g//rg/va/A-elicited oral bone 
loss (Gonzalez, 2003). 

Genetic Variability and Genomics 

Porphyromonas gingivalis can modulate gene 
expression through genomic rearrangement and 
transposition, a factor that could contribute to 
this organism’s ability to evade host detection 
and become established in the oral cavity. As 
discussed above, the structures of the rgpA and 
rgpB genes are very similar except that the rgpB 
gene does not possess most of the hemagglutinin 
domain present in the C-terminal region of the 



rgpA gene. It has been postulated that the two 
rgp genes were generated through the duplica- 
tion of an ancestor rgp gene, insertion of the 
hemagglutinin domain region into one copy of 
the two resulting rgp genes (or deletion of the 
region from one rgp) and homologous recombi- 
nation between the proteinase domain regions of 
the two rgp genes. It is appealing to speculate 
that this type of rearrangement may be respon- 
sible for the genetic diversity of this family of 
genes. Interestingly, the presence of nonrecipro- 
cal recombination in P gingivalis was experimen- 
tally proven using suicide/integration plasmid 
systems. 

Comparison of the nucleotide sequences of 
rgpA and kgp indicates that a majority of the C- 
terminal sequences of these genes are identical. 
It has been suggested that recombinational rear- 
rangement (such as transposition or gene con- 
version) may have occurred in this nucleotide 
region between kgp and rgpA. Gene conversion 
type recombination has been observed in P gin- 
givalis (Nakayama et al., 1995; Okamoto et al., 
1996), and thus it is reasonable to postulate that 
recombination between P gingivalis rgpA and 
kgp could occur by such a mechanism. There are 
numerous examples in which gene conversion 
results in antigenic variation of surface proteins 
in a variety of bacterial pathogens (Seifert and 
So, 1988). The ability to undergo antigenic vari- 
ation protects pathogens from immunological 
challenge by their hosts. 

In addition to gene conversion, transposition 
may be a mechanism for recombinational rear- 
rangements in P. gingivalis (Barkocy-Gallagher 
et al., 1996; Simpson et al., 1999). It is well estab- 
lished that genes proximal to an insertion ele- 
ment can be transposed or deleted (Ajioka, 1989; 
Galas, 1989). Interestingly, the P. gingivalis 
endogenous insertion sequence (IS) element 
IS7726 was found 3' to the kgp gene, and it was 
suggested that this IS element could serve as 
one end of a composite transposon (Barkocy- 
Gallagher et al., 1996). Recombination within 
the locus encoding Kgp could thus have occurred 
via a transposition event. In support of this con- 
tention, Simpson et al. (1999) found that IS7726 
is capable of transposition in P. gingivalis. Anal- 
ysis of a R gingivalis strain in which IS7726 was 
mobilized indicated that IS7726 had inserted 
directly upstream of the kgp gene. The demon- 
stration of the mobilization of the second endog- 
enous P. gingivalis insertion element, PGIS2, in 
the P. gingivalis chromosome has also been 
reported (Wang et al., 1997). Thus, the ability of 
IS elements to be mobilized within P. gingivalis, 
together with the finding that these elements are 
commonly found fianking the kgp locus, indi- 
cates that the variability in this locus may be due 
to genomic rearrangements facilitated by trans- 
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positional events. Further support of an active 
recombination system in P. gingivalis comes from 
the isolation of the R gingivalis recA homolog 
(Fletcher et al., 1997). 

The P. gingivalis genome has been completely 
sequenced and has revealed the presence of 
numerous IS elements and transposons in this 
organism (The Institute for Genomic Research 
website). Recently a DNA array based on the 
complete genome sequence has been generated 
and is available to examine gene expression. It is 
anticipated that with the complete sequence in 
hand, additional bacterial virulence factors will 
be defined and the regulation of these factors in 
response to specific environmental cues will be 
examined. 



Regulation 

During the transition from health to disease, a 
number of environmental changes are apparent 
in the oral ecological niche occupied by P. gingi- 
valis. The gingival sulcus and periodontal pock- 
ets do not represent favorable environments for 
oral microbial flora to proliferate and colonize, 
and only a limited number of highly evolved 
species can colonize this area (Socransky and 
Haffajee, 1992). This is assumed to result from 
the pH, temperature, and oxygen availability, 
which limit the growth of a number of bacter- 
ial species. In addition, these environmental 
changes serve as important cues for this or- 
ganism to regulate gene expression. The mean 
temperature of the gingival sulcus is 35°C, with 
a consistent range of 30-38°C (Socransky and 
Haffajee, 1991). The mean temperature is 
slightly higher (36.8°C) in inflamed periodontal 
pockets (Kung et al., 1990; Fedi and Killoy, 
1992). Like other pathogenic microorganisms, P. 
gingivalis mounts a heat shock response when 
exposed to elevated temperature (an important 
homeostatic mechanism; Lu and McBride, 1994; 
Vayssier et al., 1994). GroEL (HSP60 family) 
and DnaK (HSP70 family) homologs have been 
described in P. gingivalis (Lu and McBride, 1994; 
Vayssier et al., 1994). In addition to reporting the 
response to temperature changes, Vayssier et al. 
(1994) have also reported that an increase in 
oxygen tension and acidic pH induce GroEL. 
Amano et al. (1994) have reported on a heat 
shock inducible 55-kDa protein, which may be 
related to HSP60. Further studies are needed to 
clarify the exact types and numbers of heat- 
shock proteins synthesized by P. gingivalis in 
response to an upward shift in temperature and 
to determine the function of these proteins and 
their involvement in pathogenicity. 

Increased expression of P. gingivalis fimbrillin 
and superoxide dismutase (SOD) in response to 



a shift in growth temperature from 37 to 39°C 
has been reported (Amano et al., 1994). In 
contrast, in a separate study, P. gingivalis was 
observed to exhibit an increase infimA promoter 
activity when the growth temperature was down- 
shifted from 37 to 34°C (Xie et al., 1997). 
Although the precise biological function of 
temperature-regulated fimbrillin expression and 
SOD activity is not clear, it was suggested that 
downregulation of fimbrillin expression may 
help P. gingivalis evade the host immune system 
and that elevated SOD activity may enable P. 
gingivalis to survive in environments containing 
high levels of neutrophil-generated superoxide 
(Amano et al., 1994). 

The pH range within gingival pockets is 
reported to be 7.0-8.5 (Cimasoni, 1983). The pH 
in the periodontal pocket increases accordingly 
as the periodontal pockets deepen and the host 
inflammatory response is induced (Bickel and 
Cimasoni, 1985). The optimal pH for growth of 
P. gingivalis is within the range 7.5-8.0 (Marsh 
et al., 1994); however, P. gingivalis has often been 
recovered from disease sites with elevated pH. 
The ability of P. gingivalis to grow at elevated pH 
may confer a great advantage to this bacterium 
over other species and may explain its associa- 
tion with disease. One factor contributing to the 
growth stability of P. gingivalis in this pH range 
may be the expression of the sod gene. Lynch 
and Kuramitsu (1999) have reported that in 
addition to oxidative stress and temperature, 
sod expression is also influenced by pH. 
Compared with acidic conditions (pH 6.0), sod 
expression increases significantly at neutral 
(pH 7.0) or slightly alkaline (pH 8.0) conditions 
(Lynch and Kuramitsu, 1999). Trypsin-like and 
chymotrypsin-like activity have also been 
observed to increase as pH increases, until max- 
imal activity is reached at pH 8.0, suggesting that 
during initial stages of infection, P. gingivalis 
responds to the environmental pH changes by 
producing enzymes with maximal host tissue 
damage potential (McDermid et al., 1988). It has 
now become evident that the majority of trypsin- 
like activity produced by P. gingivalis is due to 
the production of the arginine- and lysine- 
specific cysteine proteinases (see section on 
Gingipains in this Chapter). It has been demon- 
strated that the optimal activity of these enzymes 
is achieved at a pH of 8.0. The increased activity 
of the P gingivalis gingipains may serve to inac- 
tivate the host immune system components such 
as complement and immunoglobulins. 

The hemin concentration in the periodontal 
pocket can vary significantly depending on the 
degree of inflammation and bleeding at this site. 
The regulation of P. gingivalis gene products 
involved in hemin-binding and transport is con- 
trolled by the level of hemin and iron (Carman 
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et al, 1990; Grenier, 1991; Smalley et al, 1991; 
Cutler et al, 1995). Transcription of the hmuR 
and kgp genes is negatively regulated by iron, 
and the hmuR and kgp promoters contain bind- 
ing sequences for ferric uptake regulator protein 
(Fur; Forng et al, 2000; C. A. Genco, unpub- 
lished data). In several Gram-negative patho- 
gens, Fur functions as a general global regulator 
and controls the expression of not only genes 
required for iron transport but also genes 
required for virulence. The recent report of a 
R gingivalis fur homolog (C.A. Genco, unpub- 
lished data), together with the identification of 
several iron regulated receptors, suggests that 
the global negative regulator Fur may be opera- 
tive in P. gingivalis. 

In addition, both the induction and repression 
of expression of specific virulence factors in 
response to hemin have been reported (Cutler 
et al., 1995). Limitation of hemin during P. gin- 
givalis growth affects hemolytic, trypsin-like 
protease and hemagglutination activities of P. 
gingivalis whole cell and extracellular vesicles. 
The expression of P. gingivalis proteinases can 
vary in response to hemin, as well as to specific 
growth phase (Carman et al., 1990). Trypsin-like 
protease activity was higher in hemin-excess P. 
gingivalis cultures, while collagenolytic activity 
was higher in hemin-restricted P. gingivalis 
cultures (Carman et al., 1990). An increase in 
extracellular vesicle production by hemin- 
limited P. gingivalis cultures has also been 
reported (McKee et al., 1986), and vesicles iso- 
lated from hemin-limited P. gingivalis cultures 
have also been shown to possess higher trypsin- 
like protease and hemagglutination activities 
(Smalley et al., 1991). Although hemin-restricted 
cultures have a lower overall level of trypsin-like 
activity and a reduction in total culture biomass, 
the activity present in extracellular vesicles from 
hemin-restricted cultures is greater than that 
of hemin-excess cultures (Smalley et al., 1991). 
Recent studies have demonstrated that expres- 
sion of the P. gingivalis hemagglutinin genes 
hagB, hagC, and hagD is regulated by hemin 
(Lepine and Progulske-Fox, 1996a; Han et al., 
1998). Modifications of the antigenicity of P gin- 
givalis LPS have also been reported in response 
to hemin limitation (Cutler et al., 1996). Hemin 
limitation and growth in the presence of 1% 
serum or saliva have also been reported to 
reduce transcription of the fimA gene. 

Growth of P gingivalis under hemin-restricted 
conditions results in increased virulence as 
assessed in a mouse model (Bramanti and Holt, 
1993), and this increase may be explained by the 
increased expression of P. gingivalis outer mem- 
brane components and their associated enzy- 
matic activities, which directly contribute to the 
overall pathogenic potential when this organism 



enters a hemin-limited environment. Porphy- 
romonas gingivalis may adapt to changes in this 
environment by turning off the expression of 
some virulence factors and turning on the 
expression of others. The balance of virulence 
factor expression may be controlled through a 
number of yet to be identified regulatory pro- 
teins acting together or alone. 

Recent studies have also begun to define the 
role of density-dependent gene regulation in P. 
gingivalis. This organism is frequently found 
within a mixed-species biofilm that exists in the 
gingival crevice. Additionally P. gingivalis can 
invade, replicate and persist in high density 
within gingival epithelial cells. In many Gram- 
negative and Gram-positive bacteria, the density 
dependent regulation of gene expression is 
controlled through quorum sensing. Quorum 
sensing involves the synthesis and detection of 
extracellular signaling molecules termed “auto- 
inducers.” In Vibrio harveyi, the luxS gene is 
required for type 2 autoinducer production. 
Recently a functional luxS -dependent signaling 
pathway was identified in P gingivalis. The reg- 
ulation of this system was demonstrated to be in 
response to cell density and osmolarity. In addi- 
tion, differential display PCR showed that the 
inactivation of the P. gingivalis luxS resulted in 
the upregulation of HemR and RgpA (Choi et 
al., 2001). 

During the early onset of periodontal disease, 
polymorphonuclear leukocyte infiltration within 
the subepithelial connective tissue and the loss 
of epithelial cell attachment to the tooth enamel 
are observed. Subsequently, T-cells and mac- 
rophages are recruited into the area underlying 
the pocket epithelial cells. This array of antago- 
nistic cells is accompanied by the release of 
biologically active cytokines such as IL-1, IL-6, 
and TNF-a (Cutler et al., 1995; Darveau et al., 
1998). To date little is known about the 
expression of specific bacterial components in 
response to the host inflammatory response; 
however, the induction of a host inflammatory 
response in response to bacterial infection 
clearly changes the local environment in which 
P gingivalis resides. Although there is no hard 
evidence yet that the host response influences 
gene expression in P. gingivalis, this concept 
warrants further investigation. With the devel- 
opment of new methodologies, bacterial genes 
that are regulated by the host response should 
be easily identified. 

Innate Host Immune Response 

The innate immune response during an acute 
infection can be broadly broken down in to four 
stages: 1) recognition and processing of the 



442 F.C. Gibson and C.A. Genco 



CHAPTER 6.2 



foreign particle, 2) antigen presentation, 3) 
immune cell recruitment with cell activation, 
and 4) directed killing of the foreign material 
with subsequent resolution of the inflammatory 
response. In the case of chronic diseases such as 
periodontal disease, it is not understood why the 
host is unable to fully resolve the infection. 
Mounting evidence supports that both host 
immunological defects and bacterial virulence 
strategies play important roles in the chronic 
nature of periodontal disease. As the topic of 
innate immunity has been studied in detail for 
over 100 years, in this section, we will concen- 
trate primarily on the innate host response to 
P. gingivalis. 

During periodontal health, the tissues adja- 
cent to and underneath the gingival epithelium 
commonly possess a modest accumulation of 
neutrophils that are believed to be important in 
clearing any transient bacteria that gain access 
to these tissues. However, in patients in the 
acute or active stage of periodontal disease, the 
periodontium presents with a neutrophilic cellu- 
lar inflltrate that switches to a predominating 
monocytic cellular inflltrate in chronic lesions. 
Understanding the complex cellular interactions 
that occur during periodontal disease is critical 
to deflning a mechanistic approach to determine 
what bacterial factors might be responsible for 
this response. Gingival crevicular fluid obtained 
from periodontal disease sites has high levels 
of IL-lp, IL-8, and IL-10 and the chemokine 
RANTES (regulated upon activation, normal T 
cell expressed and secreted; Gamonal et al., 
2000), IL-6, transforming growth factor, PGE 2 , 
IL-2, TNF-a, and interferon (IFN)-y (Salvi 
et al., 1998). The mechanisms by which R gin- 
givalis stimulates cytokine and chemokine pro- 
duction are not well known, but recent in vitro 
studies have been performed with R gingivalis 
as well as with purified antigens from this organ- 
ism. Numerous studies have been performed 
using various experimental criteria, and as a 
result it has become obvious that the host cell 
type, the number of bacteria, and the amount of 
antigen being tested are critical to the reported 
observations. 



Innate Response of Relevant 
Host Cells In Vitro 

ORAL EPITHELIAL CELLS. Oral epithe- 
lium, and more specifically gingival epithelium, 
represents one of the initial host barriers to P. 
gingivalis when this organism is present in the 
gingival sulcus. Several studies have begun to 
characterize the host response of oral epithelial 
cells to P. gingivalis. Challenge of oral epithelial 
cells with P. gingivalis elicits a TNF-a and IL-lp 



response. Additional studies have demonstrated 
that these cells also express cell adhesion mole- 
cules on their surface in response to P. gingivalis 
infection and include ICAM-1 and VCAM-1 
(Wang et al., 1999). Interestingly, work by 
Darveau et al. (1998) has demonstrated that gin- 
gival epithelial cells challenged with P. gingivalis 
LPS fail to produce IL-8; furthermore, P. gingi- 
valis LPS stimulation functions as a potent 
inhibitor of subsequent E. coli LPS stimulation 
of IL-8. This mechanism has been coined “local- 
ized chemokine paralysis.” This mechanism, 
along with the ability of P. gingivalis gingipains 
to digest cytokines and chemokines (see section 
on Gingipains in this Chapter), is an attractive 
mechanism by which P. gingivalis may be able to 
circumvent the host response. 

POLYMORPHONUCLEAR NEUTRO- 
PHILS. Anatomically, healthy people possess a 
layer of neutrophils that reside immediately 
below the epithelium of the gingival sulcus. It has 
been suggested that these cells perform immune 
surveillance and quickly clear any low level con- 
tamination of the subepithelial tissues. During 
the switch from periodontal health to periodon- 
tal disease, these infected sites typically present 
with an influx of PMNs. Recent studies have 
begun to focus on the response of PMNs to P. 
gingivalis infection, as well as investigating 
the potential of P. gingivalis to modulate the 
response of these cells during the infectious pro- 
cess. In vitro, PMNs challenged with live P. gin- 
givalis produce the proinflammatory cytokines 
TNF-a, IL-lp and IL-6. Interestingly these cells 
also express IL-10 (a cytokine commonly associ- 
ated with regulation of the host immune 
response). More recent studies have concen- 
trated on the host responses to P. gingivalis fim- 
briae, LPS and gingipains. PMNs produce IL-8 
and MCP-1 in response to live P. gingivalis infec- 
tion. Interestingly, P. gingivalis viability is not 
necessary for stimulating chemokine production 
from PMNs as viable and heat-killed P. gingivalis 
elicits similar levels of these chemokines. Recent 
studies have focused on the PMN response to 
defined P. gingivalis antigens including LPS, fim- 
briae and gingipains. Porphyromonas gingivalis 
LPS upregulates complement receptor 3 on the 
PMN surface, as well as stimulates IL-lp, TNF- 
a and IL-8. Purified fimbrillin monomer (43-kDa 
protein), as well as a 24-mer-peptide sequence 
from the fimbrillin protein, possesses potent IL- 
8 stimulating activities. The effect of gingipains 
on PMN function is not known directly; however, 
recent studies using defined gingipain mutants of 
P. gingivalis show that gingipains downregulate 
the transcription of genes responsible for 
chemokine production (Nassar et al., 2002). 

MONOCYTES. Monocytes represent the 
primary cell population present in chronic 
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periodontal lesions. Despite this observation, 
relatively few studies have focused on the inter- 
action of monocytes and R gingivalis; however, 
it is well known that monocytes commonly serve 
as primary antigen presenting cells. Of the stud- 
ies that have been performed, the majority of 
work has focused on the inflammatory response 
of monocytes to R gingivalis or defined antigens 
of this organism such as LPS. Studies have 
focused on the use of both human monocytic 
cells, as well as cells of murine origin, and despite 
some differences, the trend is that R. gingivalis 
stimulation of monocytes leads to the expression 
of TNF-a, IL-lp, MCP-1, IL-6, IL-8, nitric oxide, 
as well as PGE 2 ; however, R. gingivalis strain- 
dependent activation of monocytes has been 
reported. The relationship between tobacco use 
and periodontal disease is well documented. It 
has been reported that nicotine affects the host 
by upregulating inflammatory mediator expres- 
sion of monocytes in response to R. gingivalis 
LPS. The result of this upregulation is elevated 
IL-lp production, a molecule whose activity is 
associated with bone remodeling and is com- 
monly detected in crevicular fluids of patients 
with periodontal disease. 

It is now well established that Gram-negative 
enteric LPS signals host cell activation through 
the Toll-like receptor (TLR)-4. TLRs are a fam- 
ily of pattern recognition receptors that function 
as cognate receptors, and currently there are 10 
identified TLRs. Recent data suggested that R. 
gingivalis LPS stimulates human monocytes to 
produce cytokines; this process involves CD 14 
and TLR-2, and the p38 mitogen-activated pro- 
tein (MAP) kinase activation is involved in this 
pathway. As discussed above, R. gingivalis LPS is 
not a potent endotoxin, and this is likely due to 
the unique fatty acid composition of the lipid A 
of R gingivalis. 

A limited number of studies have been per- 
formed to assess the effect of other defined anti- 
gens of R. gingivalis with monocytes. It has been 
suggested that fimbriae can stimulate monocyte 
differentiation, TNF-a and the chemokine 
KC (keratinocyte-derived cytokine) production. 
After the initial interaction of R. gingivalis fim- 
briae with macrophages, neutrophil chemotactic 
factor and protein kinase C are rapidly induced 
(Kanazawa et al., 1992; Murakami et al., 1994). 
Associated with this interaction is the formation 
of a 68-kDa phosphorylated protein within the 
confines of the macrophage, the induction being 
mediated by prior induction of protein kinase C. 
Fimbriae have also been suggested to inhibit 
caspase-3, an important molecule in cell apopto- 
sis. In these studies, it was demonstrated that 
fimbria-specific antibody was able to neutralize 
this activity. As decreased apoptosis appears to 
be linked to chronic infections, these results 



suggest that R gingivalis prevents monocyte cell 
apoptosis and thus facilitates the chronic nature 
of this disease. 

DENDRITIC CELLS. A relatively new area 
is the role that dendritic cells may play in R. 
gmg/va/A-mediated periodontal disease. Recent 
studies by Cutler et al. (1999) suggest that den- 
dritic cells and T-cells aggregate at sites of peri- 
odontal damage. Using in vitro techniques, it has 
been shown that these dendritic cells produce a 
variety of molecules in response to R. gingivalis 
LPS including accessory molecules involved in 
antigen presentation, the inflammatory media- 
tors IL-lp and PGE 2 , as well as the immunoreg- 
ulatory cytokines IL-10 and IL-12. It is suggested 
that the high levels of IL-10 detected in dendritic 
cell supernatant fluids may downregulate the 
local immune response in a way that facilitates 
the chronic nature of R. gmg/va/A-mediated peri- 
odontal disease. 

T CELL RESRONSES. The primary response 
of T cells is to coordinate the host effector 
response that includes mobilization of both 
innate and adaptive arms of a host response to 
rid the host of the infectious agent. Using 
specialized receptors, T cells recognize foreign 
antigens presented to these cells by antigen- 
presenting cells such as monocytes, and subse- 
quently these cells undergo clonal expansion and 
secrete a plethora of cytokines that are respon- 
sible for dictating the host response. Little is 
known about the T cell-specific responses that 
occur during R. gmg/va/A-mediated periodontal 
disease. The numbers of T cells present in 
periodontal lesions extracted from patients 
with adult periodontal disease are elevated 
as compared to those of normal subjects (Gem- 
mell and Seymour, 1998); however, the cytokine 
responses to R. gingivalis are not very different. 
The use of T cell clones established from peri- 
odontal disease patients has demonstrated that 
these cells produce chemokines (MCP-1, MIP- 
la and RANTES) and cytokines (IFN-y, IL-4 
and IL-10) in response to R. gingivalis challenge, 
supporting the importance of IFN-y and a Thl- 
like response in the progression of periodontal 
disease (Gemmell et al., 1999). CD/ T cell spe- 
cific responses are critical to the progression of 
oral bone loss in response to R. gingivalis oral 
challenge, and mice deficient in IFN-y and IL-6 
are also resistant to R. gmg/va/A-mediated oral 
bone loss (Baker et al., 1999; Baker et al., 2001). 
Recently, attempts have been made to better 
understand the predominating T cell response of 
patients with periodontal disease due to R. 
gingivalis, in an attempt to define whether Thl 
or Th2 responses predominate. On the basis of 
antibody data, it appears that a R. gingivalis- 
specific Thl response predominates in humans 
during periodontal disease as compared with 
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normal control subjects. What is not known, 
however, is why this mechanism is not protective. 
It is intriguing to speculate that by modifying the 
host T cell-mediated immune response, human 
periodontal disease can be limited. Future stud- 
ies will better define the role of T cell-mediated 
host responses to P. gmg/va/A-elicited periodon- 
tal disease. 

VASCULAR ENDOTHELIUM. The em- 
ergence of epidemiological data suggesting a 
connection between P. gmg/va/A-mediated 
periodontal disease and systemic diseases such as 
cardiovascular and cerebrovascular disease (see 
section on Systemic Complications of Periodon- 
tal Disease in this Chapter) has prompted inves- 
tigators to study the interaction of P gingivalis 
with vascular endothelium. Seminal studies by 
Deshpande et al. (1998a) demonstrated that P 
gingivalis is able to actively invade endothelium, 
and these studies have been confirmed by Dorn 
et al. (1999). HUVECs or human aortic endot- 
helial cells (HAECs) challenged with heat-killed 
P. gingivalis produce IL-8, while challenge of 
these cells with live P. gingivalis fails to produce 
this response. Although these cells do not secrete 
IL-8, live P. gingivalis challenge does stimulate 
IL-8 gene transcription. The precise mechanism 
by which P. gingivalis “uncouples” IL-8 produc- 
tion is unknown; however, through use of genet- 
ically defined P. gingivalis strains, it appears that 
gingipains are important in modifying this 
response at the transcriptional level, as well as 
by degrading secreted IL-8 (Nassar et al., 2002). 
Porphyromonas gingivalis LPS and fimbria are 
able to stimulate chemoattractants such as IL-8 
and MCP-1 from endothelial cells challenged 
with P. gingivalis. Additionally, emerging data 
demonstrate that endothelial cells infected with 
P. gingivalis produce an array of cell adhesion 
molecules. The importance of cell adhesion mol- 
ecules is the localization of immune cells present 
in the circulation to a site of infection. HUVECs 
infected with P. gingivalis produce P- and E- 
selectins, as well as ICAM-1 and VCAM-1, 
as compared with resting endothelial cells 
(Khlgatian et al., 2002). In the event that a clear 
experimental connection between periodontal 
disease and cardiovascular disease is established, 
it will be important to understand the cellular 
response of vascular cells to P. gingivalis in more 
detail. 

COMPLEX CELL CULTURE SYSTEMS. 
Recently it has become clear that the result of 
using single cells to determine the host response 
to P. gingivalis challenge may be misleading and 
that the use of complex cell culture systems 
infected with more than one P. gingivalis cell 
could be revealing. Infection of oral epithelial 
cells with P. gingivalis results in inhibition of 
trans-epithelial migration of PMNs. Porphy- 



romonas gingivalis infection of endothelial cells 
also appears to downregulate the cells in such a 
manner as to make them unresponsive to E. coli 
LPS challenge. This localized chemokine paraly- 
sis appears to play an important role in the host 
response to P. gingivalis infection by limiting 
inflammatory cell migration and in part explains 
why P. gingivalis is not efficiently cleared during 
infection. Porphyromonas gingivalis or P. gingi- 
valis fimbriae leads to a synergistic chemokine 
response in endothelial/PMN or endothelial/ 
macrophage cultures that is not observed when 
either cell type is infected in monoculture. The 
elevated IL-8 and MCP-1 responses may likely 
govern the activation and migration of PMNs 
and monocytes to this site; however, precise 
assays to define this aspect of inflammation are 
still needed. 

COMPLEMENT. As an important molecule 
of the innate immune response, complement has 
opsonic properties, functions as a chemoattrac- 
tant for localizing inflammatory cells at the 
site of infection, and mediates killing activity. 
Control of complement activity is therefore an 
important part of the regulatory mechanism of 
the host innate response. Complement deposi- 
tion occurs by two distinct pathways, either in the 
presence of specific antibody (classical pathway) 
or in direct response to microbial products 
(alternate or properdin pathway). The classical 
pathway of complement activation is important 
in the clearance of P. gingivalis; however, as is 
discussed in the section dealing with adaptive 
host immunity (see the section Adaptive 
Immune Response in this Chapter), patients 
with P. gingivalis-mcdmied periodontal disease 
produce antibodies with weak complement acti- 
vating properties. 

PATTERN RECOGNITION MOLECULES 
AND TOLL-LIKE RECEPTORS. One impor- 
tant area that is emerging in innate immunity is 
the role of pattern recognition molecules in 
modulating the response of a cell to a specific 
microbial structure. Currently the mechanism 
by which P. gingivalis activates cells is under 
intensive study to determine which pattern 
recognition receptors are engaged, what signal 
transduction events are activated following 
receptor-ligand binding, and what subsets of 
genes are activated as a result of this binding. 
Much of the early work in this area focused on 
the ligand-ligand interactions of E. coli LPS, as 
this form of endotoxin is highly associated 
with endotoxic shock and vascular collapse. A 
synthesis of this data indicates that enteric LPS 
interacts with TLR-4 via a CD 14-dependent pro- 
cess (Heumann and Roger, 2002), and NFkB is 
translocated prior to initiation of gene transcrip- 
tion, which results in a TNF-a-mediated proin- 
flammatory response that dominates the host 
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endotoxic response; however, the data for R gin- 
givalis infection and the interaction of specific 
virulence factors with pattern recognition mole- 
cules are not as clear. It is well accepted that P. 
gingivalis LPS binds to CDl; however, the spe- 
cific binding site that is engaged by R gingivalis 
LPS is different than the site used by E. coli LPS. 
Toll-like receptor (TLR 2 rather than TLR-4) is 
engaged by R gingivalis LPS on vascular endo- 
thelium; however, it appears that TLR-4 is 
engaged by R gingivalis LPS on monocytes. 
Recent data support involvement of both TLR- 
2 and TLR-4 in the context of live R gingivalis 
infection, as macrophages from C3H/HeJ mice 
(which have a point-mutated TLR-4 rendering it 
nonfunctional; Poltorak et al., 1998) respond to 
R gingivalis challenge albeit to a lesser extent 
than do wildtype murine macrophages (C. A. 
Genco, unpublished data). Because pattern rec- 
ognition affects the host response as well as the 
complexity of the interaction of R gingivalis with 
cells of various lineages, additional work in this 
area is required and should increase understand- 
ing of R gingivalis surface structures important 
in stimulating a host response and lead to new 
treatments (based on circumventing these pro- 
cesses) for R gmg/va/A-mediated periodontal 
disease. 



Adaptive Immune Response 

The production of specific antibody to a bacterial 
pathogen is a common host response that in most 
cases is highly efficient in promoting clearance of 
the invading organism. These antibodies assist 
in clearance primarily by 1) opsonizing the 
organism, thus allowing neutrophil Fc receptor- 
mediated recognition and killing, and 2) 
facilitating complement deposition. Individuals 
colonized with P. gingivalis possess elevated 
levels of serum antibody specific for this organ- 
ism and its individual components (Kinane et al., 
2000). Currently there is no antibody response 
that can be used clinically to demonstrate the 
presence of periodontal disease or for differen- 
tial diagnosis. Initial studies by Moulton et al. 
(1981) demonstrated that the serum of patients 
with adult periodontal disease contain elevated 
levels of P. gmg/va/A-specific IgG, IgM and IgA. 
Following this report, a majority of the subse- 
quent studies from the United States or other 
countries support that levels of P. gingivalis- 
specific IgG are elevated in the serum of patients 
with generalized aggressive periodontal disease; 
however, this is controversial, as other reports 
suggest no differences or highly variable results 
between patients and controls. Yet despite this 
potent antibody response, the host is unable to 



adequately control R gmg/va/A-mediated peri- 
odontal disease. The reasons for this lack of con- 
trol are not known; however, several important 
possibly concurrent processes involving host fac- 
tors (such as antibody avidity, antibody subtype, 
and host Fc receptor profiles) and bacterial fac- 
tors (such as degradation of antibody by gingi- 
pains and the R gingivalis serotype present in the 
oral cavity) could provide an explanation. 

On the basis of several studies, it appears that 
the high levels of IgG produced in response to P. 
gingivalis infection are primarily of low avidity. 
The reason for the low avidity of these antibod- 
ies is not known. However, IgG antibodies of 
low avidity do not bind efficiently to the bacte- 
rium and would not be expected to efficiently 
opsonize P. gingivalis. Assessments of the IgG 
subclass during generalized aggressive periodon- 
tal disease indicate that a range of isotypes is 
produced by patients with P. gingivalis periodon- 
titis (Kinane et al., 2000). Studies by Whitney 
et al. (1992) reported high levels of IgG with 
reactivities increasing in the order IgG 2 > IgGs > 
IgGi > IgG 4 in patients with generalized aggres- 
sive periodontitis; however, most of the IgG 2 
appears to be directed toward the LPS and 
capsular polysaccharide of P. gingivalis (Ogawa 
et al., 1990; Calif ano et al., 1999). Interestingly, 
the preponderance of IgG 2 produced in response 
to P. gingivalis challenge may, in fact, facilitate 
the chronic nature of generalized aggressive 
periodontal disease as IgG 2 possesses weak com- 
plement fixation activity and is a poor opsonin as 
compared with the other IgG isotypes. 

More recent studies have begun to assess the 
levels of IgG produced to defined R gingivalis 
antigens during periodontal disease. Patients 
with generalized aggressive periodontal disease 
possess high levels of IgG (predominantly IgG 2 ) 
directed to a gingipain complex consisting of 
RgpA-Kgp. Additional studies indicate that 
patients produce high levels of IgG to the indi- 
vidual gingipains RgpA, RgpB and Kgp as 
compared with control subjects, and the RgpA- 
and RgpB-specific (but not Kgp-specific) IgG 
can facilitate opsonophagocytosis of P. gingivalis 
by naive human neutrophils. The IgG isotype 
response in the serum of periodontitis patients 
to P. gingivalis fimbriae is predominately IgGs, 
while other antigens appear to elicit IgGi-specific 
and IgG 4 -specific responses. 

In addition, it has been demonstrated that 
gingipains, specifically RgpA, possess the ability 
to degrade IgG (Holt et al., 2000). This strategy 
would certainly create an environment “locally 
cleared” of antibody by both P. gingivalis 
secreted and membrane-bound gingipains. These 
degraded antibodies by not recognizing P. gingi- 
valis, mediating opsonophagocytosis, or mediat- 
ing complement fixation would create a local 
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environment favorable to R gingivalis survival 
within the host. 



Systemic Complications of 
Periodontal Disease 

Diabetes Diabetes affects more than 13 million 
people in the United States and approximately 
600,000 new cases are diagnosed each year. 
Diabetes has been identified as a significant risk 
factor for periodontal disease and can aggravate 
the severity of periodontal infections (Matthews, 
2002; Teng et al., 2002). It has been shown that 
even in children, insulin-dependent diabetes is 
associated with an increase in periodontal dis- 
ease. Factors that increase the severity of inflam- 
matory diseases, such as impaired neutrophil 
function, excessive inflammatory response, col- 
lagen turnover defects, impaired wound healing, 
and periodontal flora changes, have been associ- 
ated with diabetes pathogenesis. Patients with 
insulin-dependent diabetes express high levels 
of proinflammatory mediators compared with 
matched non-diabetic, normal individuals. Both 
PGE 2 and IL-lp have been found in significantly 
higher levels in the gingival crevicular fluid of 
diabetic patients as compared with non-diabetic 
control subjects when matched for periodontal 
disease severity. Similar results have been ob- 
served for TNF-a expression. Recent studies also 
indicate that periodontal disease can adversely 
impact glycemic control in diabetes. Periodontal 
treatment that decreases the bacterial challenge 
and the resulting inflammatory periodontal 
destruction can improve glycemia in some dia- 
betic patients. Overall, the evidence supports the 
view that the relationship between diabetes and 
periodontal disease is bidirectional (Soskolne 
and Klinger, 2001). Although information about 
the molecular pathogenesis of periodontal infec- 
tions in diabetes is just becoming available, the 
molecular and cellular aspects of host-parasite 
interactions are poorly understood and warrant 
definitive investigation. 

Cardiovascular Disease Several reports have 
described an association between periodontal 
disease and coronary artery disease. These in- 
clude case control studies, which demonstrated 
significant associations after correction for cho- 
lesterol, smoking, hypertension, social class, and 
body mass index (Beck and Offenbacher, 1998a; 
Beck et al., 1998b; Beck et al., 2001). The biolog- 
ical consequences of oral infection with P. gingi- 
valis and the risk for acute myocardial infarction 
and other vascular phenomena are supported by 
the following: 1) P. gingivalis can induce aggre- 
gation of platelets (Pham et al., 2002) and trigger 
cytokines, which play a role in atheroma forma- 



tion through bacterial products such as LPS and 
fimbriae. 2) P. gingivalis can cause local inflam- 
mation (which leads to ulceration of the gingi- 
vae) and local vascular changes (which increase 
the incidence and the severity of transient bacte- 
remias when the gingivae are traumatized). Pro- 
cedures such as dental extraction, periodontal 
surgery, tooth scaling, and even tooth brushing 
can lead to the presence of oral bacteria in 
circulating blood. 3) Injured or activated endo- 
thelial cells, resulting from P. gmg/va/A-induced 
alterations in the endothelial cell, may show 
a variety of atherogenic properties including 
increased procoagulant activity, secretion of 
vasoactive and inflammatory mediators, and 
expression of adhesion molecules. 4) P. gingivalis 
may be released into the bloodstream, which 
could have direct or indirect effects. Direct 
effects would include the aggregation of platelets 
triggered by P gingivalis surface antigens, gingi- 
pains, and fimbriae, leading to thrombus forma- 
tion. Indirect effects may be mediated via LPS 
and other bacterial components that could trig- 
ger cytokine production by macrophages in situ 
in atheromatous plaque. This could lead to 
accumulation of lipid and foam cell formation 
and trigger endothelial cells to form IL-lp, 
which increases thrombus adherence. The con- 
sequences of these direct and indirect effects 
may include bacterial induced thrombi, which 
attach to atheromatous plaques in the heart 
vessel wall, leading to ischemic heart disease and 
the risk for myocardial infarction. Chronic and 
multiple transient bacteremias could also trigger 
macrophages and endothelial cells to blood 
vessels and increase formation of atheromatous 
plaques to which thrombi could then attach, pre- 
cipitating acute myocardial infarction. 

The gingival sulcus is believed to be the most 
likely area of entry of oral bacteria into the 
bloodstream and the integrity of the basement 
membrane of the oral mucosa and particularly 
the gingival sulcus is paramount in the protection 
of patients at risk for cardiovascular disease. 
The ability of P. gingivalis to invade and repli- 
cate within endothelial cells (Deshpande et al., 
1998b) suggests that this organism possesses 
mechanisms for survival within vascular endot- 
helial cells. Injured or activated endothelial cells 
(during infection) may show various atherogenic 
properties including increased procoagulant 
activity, secretion of vasoactive and inflamma- 
tory mediators, and expression of adhesion mol- 
ecules. E-selectin, ICAM-1, and VCAM-1 have 
been detected in atherosclerotic areas of human 
arteries, and inflammatory cells are abundant at 
these sites. Invasion of vascular and heart endo- 
thelial cells by P. gingivalis after entry into the 
bloodstream may contribute to the pathology of 
cardiovascular disease. 
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Pre-term Birth Recent epidemiological stud- 
ies have implicated periodontal disease as a risk 
factor for pre-term birth (Offenbacher et al, 
1998). Human studies in patients with periodon- 
tal disease and animal studies have suggested 
that infection with R gingivalis may be an 
important component in the underlying associa- 
tion in linking periodontal disease to pre-term 
birth. Several plausible hypotheses support a 
link between maternal periodontal disease and 
pre-term birth. In particular, maternal periodon- 
tal infection may influence pre-term delivery 
through mechanisms involving inflammatory 
mediators. Using a subcutaneous chamber 
mouse model, it was demonstrated that P. gingi- 
valis infection was associated with hepatic 
and uterine translocation, and this dissemination 
correlated with fetuses that exhibited growth 
restriction (Collins et al., 1994). Likewise, 
R gingivalis challenge was demonstrated to 
induce maternal elevated proinflammatory 
cytokine responses (TNF) and decreased anti- 
inflammatory cytokine response (IL-10). These 
systemic changes have been associated with fetal 
growth restriction. Translocation of R gingivalis 
or specific bacterial components into the pla- 
centa may induce placental immune responses 
that impair placental function, thereby mediat- 
ing fetal growth restriction. Clearly additional 
studies in well-defined animal models will 
further define the mechanisms associated with 
R gingivalis-mdwcQd inflammatory responses in 
the context of pre-term birth. 

Animal Models 

A variety of animal models (such as rodents, 
dogs, sheep and nonhuman primates) have 
proven useful for expanding our understanding 
of R gmg/va/A-elicited periodontal disease. No 
single animal model effectively mimics all 
aspects of periodontal disease. Thus a variety of 
models are needed to provide a complete picture 
of the pathogenesis of P. gmg/va/A-elicited peri- 
odontal disease. A recent review article discusses 
many of the studies performed in animals to 
address various aspects of P. gingivalis infection 
and host response, as well as discusses the bene- 
fits and limitations of each of these animal model 
systems (Genco et al., 1998). 

Initial studies to address the association of 
dental plaque and periodontal disease pathogen- 
esis were performed in dogs (Genco et al., 1998). 
These studies demonstrated a link between the 
presence of plaque and subsequent development 
of periodontal disease. Unfortunately, P. gingiva- 
lis does not appear to play a role in the develop- 
ment of periodontitis in dogs. A seminal study by 
Holt et al. (1988) demonstrated that the primate 



Macaca fascicularis orally challenged with R gin- 
givalis developed periodontitis, thus establishing 
a direct link between R gingivalis infection 
and the development of periodontal disease. 
Rodents, owing to their small size and cost, have 
proven very useful in defining various aspects of 
periodontitis. A murine abscess model has been 
used by many investigators to study P. gingivalis 
disease pathogenesis. In this model, localized 
subcutaneous injection of P. gingivalis leads to an 
initial focal lesion with the development of sec- 
ondary spreading lesions. This abscess model has 
also demonstrated that attenuation of P. gingiva- 
lis virulence directly impacts disease progression, 
as gingipain double knockout mutant (RgpA" 
and RgpB ) exhibited less abscess formation 
than did wildtype R gingivalis (Nakayama et al., 
1995). A murine subcutaneous chamber model 
has proven particularly useful for studying the 
temporal interaction between R gingivalis and 
the host immune system, with particular empha- 
sis in studying PMN/R gingivalis interactions 
(Genco et al., 1998). Additionally both mice and 
rats have proven effective for studying the 
impact of R gingivalis oral challenge and subse- 
quent development of oral bone loss (Baker 
et al., 1994; Malek et al., 1994; Gibson and 
Genco, 2001). 

In addition to animal studies of R gingivalis 
infection’s effect on induction of disease, other 
studies have looked at mechanisms for prevent- 
ing R g//rg/va/A-mediated periodontal disease. 
Although conflicting reports exist, it is estab- 
lished that patients with generalized aggressive 
periodontitis develop specific antibody to P. gin- 
givalis', however, this antibody does not appear 
to provide protection. By contrast, several stud- 
ies have demonstrated that immunization of 
rodents and primates with either P. gingivalis 
whole organism preparations or specific antigens 
purified from this organism protects against 
periodontitis (Evans et al., 1992b; Moritz et al., 
1998; Gibson and Genco, 2001; Rajapakse et al., 
2002). Additionally, strategies specifically 
designed to assess control of the innate immune 
response as a way to block P. gingivalis from 
causing periodontal disease are yielding interest- 
ing data. Recently, the importance of the pro- 
inflammatory cytokines TNF-a and IL-1(3 in the 
bone loss process has been demonstrated by the 
observation that nonhuman primates given TNF- 
a and IL-1(3 receptor agonists are protected 
from accelerated inflammatory cell response 
to P. gingivalis oral challenge using a ligature 
based model. Novel vaccine candidates for use 
in the prevention of periodontal disease will 
undoubtedly be found. 

Emerging epidemiological data support that 
periodontal disease represents an important risk 
factor for cardiovascular disease and pre-term 
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child delivery (Beck et al., 2001; Dasanayake 
et al, 2001; Genco et al, 2002). Moreover, 
periodontal disease is also more prevalent in dia- 
betics (Zachariasen, 1991). Owing to the clinical 
connection between systemic disease and peri- 
odontal disease, animal models to study the 
impact of R gingivalis infection on cardiovascu- 
lar disease, diabetes, and pre-term birth will con- 
tinue to be useful (Genco et al., 1998). 

Conclusions and Future Directions 

It is apparent that we have entered an exciting 
era of research as it relates to the interactions of 
R gingivalis and the host. The complete reper- 
toire of genes in R. gingivalis is available as a 
result of the DNA sequencing of the genome of 
this organism. Knowledge of the entire genomic 
sequence will allow us to identify additional vir- 
ulence genes and to determine the components 
of the system(s) that regulate them. As seen with 
other microorganisms, the mechanisms of R. gin- 
givalis virulence gene regulation in response to 
environmental cues may be extremely complex. 
Understanding the mechanism of virulence gene 
regulation in response to the local environment 
of the host will provide crucial information in the 
development of effective treatments targeted at 
eradication of these periodontal disease patho- 
gens. The recent studies, which document that 
periodontal infection may represent a risk factor 
for other systemic conditions (Beck and Offen- 
bacher, 1998a; Offenbacher et al., 1998), further 
support efforts into understanding the unique 
interactions between R gingivalis and the 
response to environmental cues of the host. A 
number of different animal models have been 
used to evaluate the complex interactions 
between R. gingivalis and the host and have been 
an important research tool to study the patho- 
genesis of R. gmg/va/A-mediated periodontal dis- 
eases. Numerous investigations have elucidated 
important aspects of the complex interactions of 
R. gingivalis with the intact host through the use 
of various animal models. These animal models 
have enabled investigators to more clearly define 
the role of specific R. gingivalis factors in viru- 
lence and periodontal disease pathogenesis. 
Likewise, we have learned a great deal about the 
role of the host response in disease pathology; 
however, it is clear that there is much more to be 
gained from further studies in animal models. 
A concentrated effort is required to more 
completely characterize the pathogenesis of 
periodontal breakdown in rodent and primate 
models, since these models seem to hold the 
greatest promise in pathogenesis studies. With- 
out baseline information, development and test- 
ing of potential therapies designed to disrupt 



the pathogenesis of disease will be significantly 
delayed. A concerted effort is also required to 
evaluate the role of periodontal infections on 
systemic diseases, including coronary artery dis- 
ease, diabetes, adverse pregnancy outcomes, and 
other infections, such as endocarditis, respiratory 
infections, and HIV infection in relevant animal 
models. 
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Introduction 

An overview of the family Flavobacteriaceae 
(Reichenbach, 1992, emend. Bernardet et al., 
1996, Bernardet et al., 2002) is appropriate 
because its genera have widely diverse ecological 
niches and physiological characteristics. Even 
within some genera, individual species may show 
contrasting characteristics. Indeed, although 
some genera were grouped long ago on the 
basis of common habitats and phenotypic 
traits (Reichenbach, 1989; The Order Cytoph- 
agales in second edition), others were subse- 
quently attributed on the basis of molecular 
studies. However, the characteristics shared by 
most genera are presented in this introductory 
chapter so as to avoid repetition in subsequent 
chapters on member genera. The term “flavobac- 
teria,” although devoid of nomenclatural status, 
will be used in this chapter for convenience to 
represent all members of the family. 

In previous editions of Ber gey’s Manual of 
Systematic Bacteriology and of The Prokaryotes, 
the organisms now included in the family 
Flavobacteriaceae were distributed among dif- 
ferent and unrelated chapters, i.e., in Ber gey’s 
Manual in the chapters “Genus Flavobacte- 
rium” (Holmes et al., 1984a) and “Order I. 
Cytophagales” (Reichenbach, 1989), and in the 
second edition of The Prokaryotes in the 
chapters The Genera Flavobacterium, Sphing- 
obacterium and Weeksella and The Order 
Cytophagales; (see the sections Phytogeny and 
Taxonomy in this Chapter). Conversely, these 
chapters also dealt with other organisms that 
were subsequently not included in the family 
(Bernardet et al., 1996). In spite of the consid- 
erable taxonomic modifications that occurred 
since their publication, these chapters (see also 
Reichenbach and Dworkin, 1981a; Reichenbach 
and Dworkin, 1981b) contain a huge amount of 
useful information that is still mostly valid; they 
deserve to be consulted by those interested in 
these organisms. 

The very first suggestion of a family Flavo- 
bacteriaceae was in a PhD thesis study (Jooste, 



1985). The family was then mentioned by 
Reichenbach (1989) in the first edition of 
Ber gey’s Manual of Systematic Bacteriology, 
although not formally described (Holmes, 1997). 
The family was validated (Reichenbach, 1992), 
its description published (Bernardet et al., 
1996) and subsequently emended following the 
description of new genera (Bernardet et al., 

2002) . The family Flavobacteriaceae belongs 
to the phylum Cytophaga-Flavobacterium- 
Bacteroides (CFB; see the chapter on The Order 
Cytophagales in second edition), together with 
several other families and many isolated taxa 
(Bernardet et al., 2002; see the sections 
Phytogeny and Taxonomy in this Chapter). With 
the exception of the family Bacteroidaceae, 
this phylum falls within the competence of the 
Subcommittee on the Taxonomy of Flavo- 
bacterium and Cytophaga-\\kQ Bacteria of the 
International Committee on Systematics of 
Prokaryotes website. This subcommittee has 
issued minimal standards for the description of 
new taxa in the family (Bernardet et al., 2002). 

The genus Flavobacterium (Bergey et al., 
1923, emend. Bernardet et al., 1996) is the type 
genus of the family Flavobacteriaceae that 
currently also includes Aequorivita (Bowman 
and Nichols, 2002), Arenibacter (Ivanova 
et al., 2001; Nedashkovskaya et al., 2003c), 
Bergeyella (Vandamme et al., 1994a), Capnocy- 
tophaga (Leadbetter et al., 1979), Cellulophaga 
(Johansen et al., 1999), Chryseobacterium 
(Vandamme et al., 1994a), Coenonia (Vandamme 
et al., 1999), Croceibacter (Cho and Giovannoni, 

2003) , Empedobacter (Vandamme et al., 
1994a), ‘‘Fucobacter” (Sakai et al., 2002), 
Gelidibacter (Bowman et al., 1997), Mesonia 
(Nedashkovskaya et al., 2003a), Muricauda 
(Bruns et al., 2001), Myroides (Vancanneyt 
et al., 1996), Ornithobacterium (Vandamme 
et al., 1994b), Polaribacter (Gosink et al., 1998), 
Psychroflexus (Bowman et al., 1998), Psychros- 
erpens (Bowman et al., 1997), Riemerella (Segers 
et al., 1993), Salegentibacter (McCammon and 
Bowman, 2000), Tenacibaculum (Suzuki et al., 
2001), Ulvibacter (Nedashkovskaya et al., 2003b), 
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Vitellihacter (Nedashkovskaya et al., 2003d), 
Weeksella (Holmes et al, 1986a) and Zohellia 
(Barbeyron et al, 2001). The family also 
comprises two generically misclassified organ- 
isms, [Cytophaga\ later cula (Lewin, 1969) and 
[Cytophaga] marinoflava (Colwell et al., 1966). 

In this edition, those genera that contain many 
species are treated in individual chapters, while 
those that share some particular physiological or 
ecological characteristics and those that are 
clinically significant in humans or animals are 
grouped together in particular chapters. The 
chapters are as follows: “The Genus Flavobacte- 
rium'' by J.-F. Bernardet and J. Bowman; “The 
Genus Chryseohacterium'' by J.-F. Bernardet, 
C. Hugo and B. Bruun; “Marine Members of 
the Family Flavobacteriaceae” (i.e., the genera 
Aequorivita, Arenibacter, Cellulophaga, Cro- 
ceibacter, ''FucobacterJ' Gelidibacter, Mesonia, 
Muricauda, Polaribacter, Psychrojiexus, Psy- 
chroserpens, Salegentibacter, Tenacibaculum, 
Ulvibacter, Vitellibacter and Zobellia, as well 
as [Cytophaga] latercula and [Cytophaga\ 
marinoflava), by J. Bowman; “Capnophilic Bird 
Pathogens in the Family Flavobacteriaceae: 
Riemerella, Ornitho bacterium, and Coenonia,'' 
by P. Vandamme, M. Hafez, and K.-H. Hinz; “The 
Genus Capnocytophaga,'' by E. Leadbetter; “The 
Genera Myroides and Empedobacter,'' by C. 
Hugo and B. Bruun; and “The Genera Bergeyella 
and Weeksella,'' by C. Hugo and B. Bruun. 



Phylogeny 

The current view of phylogenetic relation- 
ships between the family Flavobacteriaceae and 
other taxa in the Cytophaga-Flavobacterium- 
Bacteroides (CFB) phylum, and among taxa in 
the family, mostly results from extensive 16S 
rRNA/rDNA sequence analyses and DNA- 
rRNA hybridization experiments performed 
over nearly twenty years (e.g., Gherna and 
Woese, 1992; Nakagawa and Yamasato, 1993; 
Bernardet et al., 1996; Bowman et al., 1998; 
Suzuki et al., 2001; Nakagawa et al., 2002). 
Although considerable progress was made since 
then, the very first phylogenetic tree of this phy- 
lum, based on 16S rRNA oligonucleotide cata- 
logs, already clearly distinguished a Bacteroides 
branch from another branch grouping organisms 
now attributed to the genera Cellulophaga, 
Empedobacter, Flavobacterium and Sphingobac- 
terium (Paster et al., 1985). Procedures to deter- 
mine the almost complete 16S rRNA sequence, 
as well as efficient methods of alignment, treeing 
algorithms, and statistical analyses, are now 
readily available, which has made it possible to 



resolve phylogenetic relationships much more 
accurately and reliably (Bernardet et al., 2002). 
However, since differences in 16S rRNA 
sequences of up to 5% have been found among 
strains of some species included in the family 
(Clayton et al., 1995; Triyanto and Wakabayashi, 

1999) , the sequences of additional strains should 
be obtained and compared. Several publications, 
including some dealing with members of the 
family, showed that the use of 16S rRNA 
sequence analysis to infer phylogenetic relation- 
ships should be restricted to the generic and 
suprageneric levels and that the resolution of the 
technique is not adapted to the delineation of 
new species (see Bernardet et al. [2002] and 
references therein). 

Yamamoto and Harayama (1996) have shown 
that a phylogenetic analysis based on the DNA 
gyrase B subunit gene {gyrB) may have a greater 
degree of resolution than that based on the 16S 
rRNA sequence, because protein-encoding 
genes evolve faster than rRNA genes. When this 
technique was applied to many representatives 
of the CFB phylum, the resulting phylogenetic 
tree was almost equivalent to that resulting from 
16S rRNA sequence analysis (Suzuki et al., 
2001 ). 

Phylogenetic relationships among prokaryotes 
were also deduced from signatures in different 
protein sequences. These signatures support a 
linear rather than tree-like relationship between 
the main eubacterial phyla, “suggesting that the 
major evolutionary changes within Bacteria have 
taken place in a directional manner” (Gupta, 

2000) . In this study, members of the CFB phylum 
were shown to belong to a ''Chlamydia-Cytoph- 
aga-grccn sulfur bacteria group” that constitutes 
an intermediate evolutionary step between 
Spirochetes and 8- and 5-proteobacteria, a result 
in accordance with previous 16S rRNA data 
(Olsen et al., 1994). Hence, although their degree 
of resolution is different, the various molecules 
used for phylogenetic analyses do yield concor- 
dant data. 

The position of the family Flavobacteriaceae 
in the CFB phylum is shown in Fig. 1. The phy- 
logenetic relationships of the taxa classified in 
the family are shown in Fig. 2. Invalid taxa 
belonging to the family for which 16S rRNA 
sequence is available have been included in Fig. 
2 for information; their names are given in 
quotation marks. 



Taxonomy 

Taxonomy of the family Flavobacteriaceae was 
reviewed in detail when minimal standards for 
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Fig. 1. Phylogenetic position of the family Flavobacteriaceae in the Cytophaga-Flavobacterium-Bacter aides phylum based on 16S 
rRNA sequence comparisons using the neighbor-joining method (Saitou and Nei, 1987). Sequences are taken from the DNA Data 
Bank of Japan (DDBJ) and GenBank nucleotide databases, apart from the sequence of Sporocytophaga myxococcoides, which 
comes from the Ribosomal Database Project (Maidak et al., 1999). All validly described genera in the phylum are represented by 
the sequence of the type strain of their type species. Accession numbers for the sequences are given in parentheses. Scale bar, 0.02 
Knuc (Kimura, 1980). The numbers on the branches represent the confidence limits estimated by a bootstrap analysis (Felsenstein, 
1985) of 1000 replicates; confidence limits less than 50% are not shown. Sequences were aligned using the Clustal W ver. 1.8 software 
package (Thompson et al., 1994). The alignments were modified manually against the 16S rRNA secondary structure of Escherichia 
coli (Gutell et al., 1985). Positions at which the secondary structures varied in the strains (positions 66-104, 143-220, 447-487, 841- 
845, 991-1045, 1134-1140, and 1446-1456) and all sites which were not determined in any sequence were excluded from the analysis. 
Agrobacterium tumefaciens, Bacillus subtilis, and Escherichia coli were used as outgroups. 
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Fig. 2. Phylogenetic relationships among representatives of the family Flavobacteriaceae based on comparisons of 16S rRNA 
sequences. All species of Flavobacteriaceae are included except Myroides odoratimimus, for which no data are available. 
Invalid taxa for which 16S rRNA sequence is available have also been included for information; their names are in quotation 
marks. Other details are given in the legend to Fig. 1. 
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the description of new taxa in the family were 
proposed (Bernardet et al, 2002). At that 
time, the Cytophaga-Flavohacterium-Bacteroides 
(CFB) phylum comprised the families Bacter- 
oidaceae, Cytophagaceae, Flavobacteriaceae, 
Sphingobacteriaceae and Spirosomaceae, as well 
as a number of taxa unattributed to any family. 
A new family Cryomorphaceae was described 
since then for various polar organisms (Bowman 
et al., 2003). The taxonomic status of these 
families is rather different: while the families 
Bacteroidaceae (Paster et al., 1994), Cryo- 
morphaceae (Bowman et al., 2003), Flavo- 
bacteriaceae (Bernardet et al., 1996) and 
Sphingobacteriaceae (Steyn et al., 1998) were 
defined on firm phenotypic and genomic 
grounds, taxa included in the families Cyto- 
phagaceae (Reichenbach, 1989; The Order 
Cytophagales in second edition) and Spiroso- 
maceae (Raj and Maloy, 1990) were actually 
shown to be only distantly related (see Bernar- 
det et al. [2002] and references therein), making 
their thorough emendation necessary. Indeed, 
these two families were deleted from the CFB 
phylum (renamed “Bacteroidetes”) in the “Tax- 
onomic Outlines of the Prokaryotic Genera” for 
the second edition of Ber gey’s Manual of Sys- 
tematic Bacteriology , while several new families 
were proposed. For instance, a family Blattabac- 
teriaceae was also created to accommodate the 
closest relatives of flavobacteria, the endosym- 
bionts of insects (see the section Habitat in this 
Chapter). 

The definition of higher taxa in the CFB 
phylum is even more confusing. Taxa currently 
belonging to the family Flavobacteriaceae were 
included in the order Cytophagales when it was 
described (Leadbetter, 1974), as was the family 
itself when it was created (Reichenbach, 1989). 
However, the delineation of the order and its 
connections with the CFB phylum was far from 
clear as shown by the variable taxa attributed 
to the order in the successive editions of 
Ber gey’s Manual and The Prokaryotes (Lead- 
better, 1974; Reichenbach and Dworkin, 1981b; 
Reichenbach, 1989; see The Order Cytoph- 
agales in second edition). Moreover, the genus 
Flavobacterium was dealt with in separate 
chapters (Holmes et al., 1984a; see The Genera 
Flavobacterium, Sphingobacterium and Week- 
sella in the second edition) and its relation- 
ships with members of the Cytophagales were 
questioned (Reichenbach, 1989). Phylogenetic 
studies considerably improved the situation at 
the genus and family levels, but the structure 
and limits of the order remained unclear 
(Nakagawa and Yamasato, 1993; Nakagawa 
and Yamasato, 1996; Bernardet et al., 1996; 
Bernardet et al., 2002). The order Cytophagales 



was maintained (although its composition was 
not specified) as the type order of a new 
class Flavobacteria in the “bacterial megaclassi- 
fication” proposed by Cavalier-Smith (2002), 
whereas the order disappeared from the above- 
mentioned “Taxonomic Outlines of the 
Prokaryotic Genera” in which three new orders 
(i.e., Bacteroidales, Flavobacteriales and Sphin- 
gobacteriales) were proposed, each being the 
sole order of three corresponding new classes 
(i.e., Bacteroidetes, Flavobacteria and Sphin- 
gobacteria). Interestingly, the families included 
in the class Flavobacteria (proposed in these 
two studies) are quite different: for instance, 
the family Bacteroidaceae may be included in 
the class (Cavalier-Smith, 2002) or not. These 
differing views demonstrate that much addi- 
tional data are still necessary to homogenize 
the delineation and naming of higher taxa, and 
that investigators experienced in the taxonomy 
of this group should be consulted. Taxa even 
higher than classes were also proposed: the 
three classes defined for the Ber gey’s Manual 
comprise the phylum “Bacteroides”, while the 
megaclassification includes the classes Flavo- 
bacteria and Chlorobea in a division Sphing- 
obacteria (Cavalier-Smith, 2002). Although the 
relationships of the CFB phylum with the ge- 
nus Chlorobium and other green sulfur bacteria 
were indeed demonstrated by 16S rRNA (e.g., 
Olsen et al., 1994; Paster et al., 1994) and 
protein (Gupta, 2000) data, the definition of 
the division based on the presence of sphin- 
golipids is questionable, since only a few taxa 
included in the division contain sphingolipids 
in their cytoplasmic membrane (e.g., Bacteroi- 
des, Prevotella, Porphyromonas, Sphingobacte- 
rium and Flectobacillus) and since sphingolipids 
also exist in bacterial taxa that do not belong 
to the division and even in fungi (Olsen and 
Jantzen, 2001). 

Table 1 (updated from Bernardet et al., 
2002) lists currently recognized genera in the 
family Flavobacteriaceae as well as their type 
species, the different species, and their type 
strain, the source and G-hC content of the 
type strains, the most relevant references 
(which are not necessarily the original 
descriptions), the list of collections in which 
the type strains were first deposited, and the 
names previously attributed to some species. 
Invalid taxa and the two generically misclassi- 
fied species [Cytophaga] latercula and 
[Cytophaga\ marinoflava are included for 
information. The current taxonomic status and 
standing in nomenclature of flavobacteria 
may be found at the List of Bacterial Names 
with Standing in Nomenclature (Euzeby, 
1997). Taxonomy of each genus in the family 
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is detailed in individual chapters as presented 
in the Introduction. 



Habitat 

The wide range of different habitats among 
(and sometimes within) the genera is one of the 
most intriguing characteristics of the family Fla- 
vobacteriaceae. Although the authors of the 
corresponding chapters in the previous editions 
of Ber gey’s Manual of Systematic Bacteriology 
and of The Prokaryotes (Holmes et al., 1984a; 
Reichenbach, 1989; see The Genera Flavohacte- 
rium, Sphingohacterium and Weeksella; The 
Order Cytophagales in this Volume) were actu- 
ally referring to wider groups of organisms (see 
the Introduction), the habitats they listed are 
still valid for the current members of the family, 
as shown by a recent review (Jooste and Hugo, 
1999). Taking into account the taxa described 
since then, the various habitats of flavobacteria 
may be as follows: soil; freshwater environ- 
ments; marine environments; food and dairy 
products and their processing environments; 
specimens from humans; hospital equipment 
and devices; diseased dogs and cats; diseased 
amphibians and reptiles; diseased freshwater 
and marine fish; diseased mollusks, crustaceans, 
and sea urchins; diseased birds; eggs and diges- 
tive tract of insects; vacuoles or cytoplasm of 
amoebae; and diseased plants (see Table 1). All 
of these habitats are dealt with in detail in the 
chapters listed in the Introduction. 

Another, very particular, habitat of fiavobac- 
teria was revealed by 16S rRNA analysis: some 
bacterial intracellular symbionts of insects are 
the closest relatives of bacteria in the family 
Flavobacteriaceae (Bernardet et al., 2002). First 
discovered in various cockroaches and termites, 
these uncultivable organisms were classified in 
the genus Blattabacterium (Dasch et al., 1984; 
Bandi et al., 1994). Related bacteria were 
subsequently detected in other roach species 
(Clark and Kambhampati, 2003) as well as in 
ladybird beetles; in the latter case, these intrac- 
ellular bacteria were shown to kill male 
embryos they enter and to be maternally 
inherited (Hurst et al., 1997; Hurst et al., 1999). 
Other vertically transmitted bacteria in mites, 
ticks and wasps were attributed to the CFB 
group, although a close relationship with the 
fiavobacteria was not demonstrated. These 
organisms also appear to be responsible for var- 
ious reproductive anomalies in their hosts, such 
as parthenogenesis or feminization of haploid 
genetic males (Weeks et al., 2001; Zchori-Fein 
et al., 2001). 

New insights on the distribution of fiavobacte- 
ria in various environments have resulted from 



recent studies investigating the phylogenetic 
composition of bacterial communities. Some 
of the techniques used (such as phenotypic 
tests, fatty acid analysis, or sequencing of the 
16S rRNA) required that bacteria be isolated 
first (Bowman et al., 1997; Jaspers et al., 2001; 
Nakagawa et al., 2001; Johansen and Binnerup, 
2002; Van Trappen et al., 2002). Other studies 
used culture-independent identification methods 
such as fiuorescent in situ hybridization 
(FISH) with rRNA-targeted oligonucleotide 
probes, denaturing-gradient gel electrophoresis 
(DGGE), or sequencing of cloned 16S rRNA 
genes fragments (Manz et al., 1996; Hugenholtz 
et al., 1998; O’Sullivan et al., 2002). Most of these 
surveys considered the whole CFB group, whose 
members were shown to be much more abun- 
dant in most environments than previously esti- 
mated from cultured isolates (Filers et al., 2000; 
Jaspers et al., 2001). Important populations of 
CFB were found in freshwater environments 
(Manz et al., 1999; Brummer et al., 2000; Jaspers 
et al., 2001; Kirchman, 2002), marine environ- 
ments (Cottrell and Kirchman, 2000; Filers et al., 
2000; Kirchman, 2002) especially in polar regions 
(Bowman et al., 1997; Ravenschlag et al., 2001), 
soils (Borneman et al., 1996; Johansen and 
Binnerup, 2002), and even special industrial 
environments (Whiteley and Bailey, 2000). 
Although important variations in the structure of 
bacterial communities may occur over time, the 
CFB usually constitute one of the major groups 
of hetero trophic bacteria (Kirchman, 2002). 
They frequently participate in biofilms (Bur- 
chard and Sorongon, 1998; Manz et al., 1999; 
Brummer et al., 2000; O’Sullivan et al., 2002) and 
seem to play an important role in biogeoche- 
mical cycles, using their diverse enzymes to 
degrade a variety of complex organic substrates 
(Reichenbach, 1989; Kirchman, 2002; Johansen 
and Binnerup, 2002; see The Order Cytophagales 
in second edition; see also the section Identifica- 
tion in this Chapter). Other surveys of bacterial 
communities identified more specifically mem- 
bers of the family Flavobacteriaceae in various 
environments. Many organisms, sharing a high 
16S rRNA sequence homology with described 
taxa in the family or representing new taxa, were 
found among the particle-attached bacteria in a 
river estuary (Crump et al., 1999), in various 
mangrove samples from the subtropical zone of 
Japan (Nakagawa et al., 2001), in bacterioplank- 
ton assemblages from the Arctic Ocean (Bano 
and Hollibaugh, 2002), in a glacier in China (Zhu 
et al., 2003), and in several Antarctic lakes (Van 
Trappen et al., 2002). Indeed, surveys performed 
in these freshwater or marine, tropical or polar 
environments have resulted in the description of 
many new taxa in the family. They are dealt with 
in chapters on their respective genera. 
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Identification 

The following description of the family Fla- 
vobacteriaceae is from Bernardet et al. (2002): 

Emended description of the family Flavobacteriaceae 
Reichenbach 1992: Cells are short to moderately long rods 
with parallel or slightly irregular sides and rounded or 
slightly tapered ends. They are usually 0.3 to 0.6 jim wide and 
1 to 10 pm long though members of some species may form 
filamentous flexible cells (e.g., Flavobacterium and Tenaci- 
baculum) or coiled and helical cells (Polaribacter, Psychrof- 
lexus, and Psychro serpens strains) under certain growth 
conditions; ring-shaped cells are not formed. Cells in old 
cultures may form spherical or coccoid bodies (e.g., Fla- 
vobacterium, Gelidibacter, Psychroserpens, and Tenacibacu- 
lum). Gram negative. Nonsporeforming. Gas vesicles are 
produced in members of some Polaribacter species. Flagella 
are usually absent; the only Polaribacter irgensii strain 
available is flagellated, but motility has not been observed 
in wet mounts. Nonmotile (Bergeyella, Chryseobacterium, 
Coenonia, Empedobacter, Myroides, Ornitho bacterium, 
Polaribacter, Psychroserpens, Riemerella, Salegentibacter and 
Weeksella strains, and Psychroflexus gondwanensis strains) or 
motile by gliding (Capnocytophaga, Cellulophaga, Gelidi- 
bacter, Flavobacterium, Tenacibaculum and Zobellia strains, 
and Psychroflexus torquis strains). 

Growth is aerobic {Bergeyella, Cellulophaga, Chryseo- 
bacterium, Empedobacter, Flavobacterium, Gelidibacter, 
Myroides, Polaribacter, Psychroflexus, Psychroserpens, Sale- 
gentibacter, Tenacibaculum, Weeksella, and Zobellia strains) 
or microaerobic to anaerobic {Capnocytophaga, Coenonia, 
Ornithobacterium, and Riemerella strains). The optimum 
temperature is usually in the range from 25 to 35°C, but 
members of some species or genera are psychrophilic or 
psychrotrophic {Flavobacterium psychrophilum and the Ant- 
arctic Flavobacterium species, as well as Gelidibacter, Polar- 
ibacter, Psychroflexus, Psychroserpens, and Salegentibacter 
strains). Members of some taxa are halophilic to varying 
degrees {Cellulophaga, Gelidibacter, Polaribacter, Psychrof- 
lexus, Psychroserpens, Salegentibacter, Tenacibaculum and 
Zobellia strains). 

Colonies are nonpigmented {Bergeyella, Coenonia, Orni- 
thobacterium, and Weeksella strains) or pigmented by caro- 
tenoid or flexirubin pigments or both {Capnocytophaga, 
Cellulophaga, Chryseobacterium, Empedobacter, Flavobacte- 
rium, Gelidibacter, Myroides, Polaribacter, Psychroflexus, 
Psychroserpens, Riemerella, Salegentibacter, Tenacibaculum 
and Zobellia strains). 

Menaquinone 6 is either the only respiratory quinone or 
the major respiratory quinone. Chemoorganotrophic. Intra- 
cellular granules of poly-p-hydroxybutyrate are absent. Sph- 
ingophospholipids are absent. Homospermidine is the major 
polyamine though agmatine, cadaverine, and putrescine are 
frequently present as minor components. Crystalline cellu- 
lose (i.e.. Alter paper) is not decomposed. The DNA base 
composition ranges from 27 to 44 GC mol%. 

Mostly saprophytic in terrestrial and aquatic habitats. Sev- 
eral members of the family are commonly isolated from dis- 
eased humans or animals, some species are considered true 
pathogens. The type genus is Flavobacterium Bergey, Harri- 
son, Breed, Hammer, and Huntoon 1923, as emended in 1996 
(Bernardet et al., 1996). 

Other taxa included in the family Flavobacteriaceae are 
the genera Bergeyella, Capnocytophaga, Cellulophaga, 



Chryseobacterium, Coenonia, Empedobacter, Gelidibacter, 
Myroides, Ornithobacterium, Polaribacter, Psychroflexus, 
Psychroserpens, Riemerella, Salegentibacter, Tenacibaculum, 
Weeksella and Zobellia. Several species unafflliated to any 
genus also belong to the family. Several intracellular sym- 
bionts of insects and intracellular parasites of amoebae are 
closely related to the family. 

Since this emended description was published, 
several new species in the genera Cellulophaga 
(Bowman, 2000), Chryseobacterium (Hugo et al, 
2003; Kampfer et al., 2003), Flavobacterium 
(McCammon and Bowman, 2000; Humphry et 
al, 2001; Tamaki et al, 2003; Van Trappen et al., 
2003a; Van Trappen et al., 2003b; Zhu et al., 
2003), and Gelidibacter (Macian et al., 2002), as 
well as the new genera Aequorivita (Bowman 
and Nichols, 2002), Arenibacter (Ivanova 
et al., 2001; Nedashkovskaya et al., 2003c), 
Croceibacter (Cho and Giovannoni, 2003), 
Mesonia (Nedashkovskaya et al., 2003a), 
Muricauda (Bruns et al., 2001), Ulvibacter 
(Nedashkovskaya, 2003b) and Vitellibacter 
(Nedashkovskaya et al., 2003d), have been val- 
idly published or validated after publication 
(Cho and Giovannoni, 2003). Although not 
validly published, “Chryseobacterium proteoly- 
ticum'' (Yamaguchi and Yokoe, 2000) and “Fuco- 
bacter marina'' (Sakai et al., 2002) also belong to 
the family. New taxa, however, do not make 
another emendation of the family necessary, 
since their characteristics are in accordance with 
the current description. The only exception is 
Muricauda ruestringensis, which is facultatively 
anaerobic and may exhibit long cellular append- 
ages (Bruns et al., 2001). 

Table 2 lists the differentiating characteristics 
of taxa classified in the family, updated from 
Bernardet et al. (2002). Those taxa that have not 
been validly published, as well as the two gener- 
ically misclassified species [Cytophaga] latercula 
and [Cytophaga] marinoflava, are included for 
information. Additional phenotypic characteris- 
tics that differentiate 1) the Capnocytophaga 
species, Coenonia anatina, Ornithobacterium 
rhinotracheale and Riemerella anatipestifer are 
described in Vandamme et al. (Vandamme et al., 
1994b; Vandamme et al., 1999); 2) the genera 
Aequorivita, Arenibacter, Cellulophaga, Crocei- 
bacter, “Fucobacter," Gelidibacter, Mesonia, 
Muricauda, Polaribacter, Psychroflexus, Psy- 
chroserpens, Salegentibacter, Tenacibaculum, 
Ulvibacter, Vitellibacter, and Zobellia, as well 
as [Cytophaga] latercula and [Cytophaga] 
marinoflava, are described in Bowman et al. 
(Bowman et al., 1997; Bowman et al., 1998), 
Gosink et al. (1998), Johansen et al. (1999), 
McCammon and Bowman (2000), Barbeyron 
et al. (2001), Bruns et al. (2001), Ivanova et al. 
(2001), Suzuki et al. (2001), Bowman and 
Nichols (2002), Macian et al. (2002), Sakai et al. 



Table 2. Differentiating characteristics of taxa classified in the family Flavobacteriaceae.' 
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(2002), Cho and Giovannoni (2003a), and 
Nedashkovskaya et al. (Nedashkovskaya et al, 
2003a; Nedashkovskaya et al, 2003b; Nedashk- 
ovskaya et al, 2003c; Nedashkovskaya et al., 
2003d); and 3) the genera Bergeyella, Chryseo- 
bacterium, Empedohacter, Flavohacterium, 
Myroides and Weeks ella are described in Bernar- 
det et al. (1996). Differentiating characteristics 
for species in each genus are presented in the 
chapters listed in the Introduction. 

In the minimal standards proposed for 
describing new taxa of the family Flavobac- 
teriaceae (Bernardet et al., 2002), particular 
methods to determine phenotypic properties 
were suggested and should preferably be used. 
Some of these properties are of particular impor- 
tance to differentiate among members of the 
family Flavobacteriaceae and the family from 
related taxa in the Cytophaga-Flavohacterium- 
Bacteroides group. Since the conditions in which 
the tests are performed are critical, some pro- 
cedures (updated from Bernardet et al., 2002) 
are recommended below. 



Chemotaxonomically 
Significant Components 

All current members of the family Flavobacteri- 
aceae exhibit menaquinone 6 as their only or 
major respiratory quinone (Bernardet et al., 
1996), whereas menaquinone 7 is present in 
members of all related families and taxa that 
have been tested (Hanzawa et al., 1995). As 
stated in the description of the family, homosper- 
midine is the major poly amine of its members, 
though agmatine, cadaverine, and putrescine are 
frequently present as minor components 
(Hamana and Nakagawa, 2001a; Hamana and 
Nakagawa, 2001b). Unlike members of the 
family Sphingobacteriaceae (Steyn et al., 1998), 
flavobacteria do not contain sphingopho- 
spholipids (Bernardet et al., 1996). Fatty acid 
composition provides high quality taxonomic 
information, mainly at the generic and specific 
levels (Vandamme et al., 1996). The predominant 
fatty acids found in members of the family 
Flavobacteriaceae are usually characteristic of 
genera, though some fatty acid profiles help to 
differentiate species (Vandamme et al., 1994b; 
Vandamme et al., 1996; Bernardet et al., 1996; 
Vancanneyt et al., 1996; Bowman et al., 
1997; Bowman et al., 1998; Gosink et al., 1998; 
Barbeyron et al., 2001), provided standardized 
culture conditions are used. Species of the gen- 
era Capnocytophaga (Vandamme et al., 1996), 
Myroides (Vancanneyt et al., 1996) and Riemer- 
ella (Vancanneyt et al., 1999) can be readily dif- 
ferentiated by their protein profiles. This is 



particularly important for the genera Myroides 
and Riemerella for which few differential charac- 
teristics are available. However, for some other 
genera, such as Flavohacterium, some species 
can be identified by their very typical protein 
profiles, whereas others exhibit intraspecific het- 
erogeneity (Bernardet et al., 1996). Again, to 
compare protein profiles accurately, highly stan- 
dardized procedures must be used to obtain, 
scan, and numerically analyze sodium dodecyl 
sulfate polyacrylamide gel electrophoresis (SDS- 
PAGE) electrophoregrams. 



Production of Enzymes 

Although members of the family differ widely in 
their enzymatic abilities, many of them can 
degrade different kinds of organic macro- 
molecules (Reichenbach, 1989; The Order 
Cytophagales in second edition). Interestingly, 
the recent description of several new taxa in the 
family actually resulted from enzymatic screen- 
ings performed on environmental isolates aimed 
at discovering potentially useful exoenzymes 
(Yamaguchi and Yokoe, 2000; Barbeyron et al., 
2001; Humphry et al., 2001; Sakai et al., 2002). 
The array of enzymes produced by flavobacteria 
understandably depends on the major biopoly- 
mers available in their habitats (Kirchman, 
2002). For instance, those living in soil and 
freshwater frequently synthesize cellulose-, 
pectin-, xylan-, and chitin-degrading enzymes 
that decompose dead plants, fungi, and insects 
(Reichenbach, 1989; Haack and Breznak, 1993; 
Cottrell and Kirchman, 2000; Johansen and 
Binnerup, 2002), while the marine flavobacteria 
usually produce enzymes that degrade agars, 
laminarin, xylan, fucoidan, and carrageenans 
from micro- or macroalgae (Johansen et al., 
1999; Barbeyron et al., 2001; Humphry et al., 
2001; Sakai et al., 2002). Proteolytic enzymes are 
also synthesized by flavobacteria in various 
environments. They probably play an important 
role in the virulence of some of the pathogenic 
members of the family. For instance, the fish- 
pathogenic Flavobacterium species produce 
extracellular proteases that degrade collagen, 
elastin, fibrinogen, and keratin (Otis, 1984; Holt, 
1988). Combined with enzymes that degrade the 
complex polysaccharides of connective tissue, 
such as hyaluronic acid and chondroitin sulfate 
(Otis, 1984; Teska, 1993), they are responsible for 
the extensive necrotic lesions that occur in 
infected fish. 

Among the complex organic substrates that 
some flavobacteria are able to degrade, cellulose 
has a particular taxonomic significance. Mem- 
bers of some taxa degrade soluble cellulose 
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derivatives such as carboxymethylcellulose or 
hydroxyethylcellulose, but since enzymes other 
than cellulases may degrade these compounds, 
this does not demonstrate that these taxa are 
cellulolytic. The decomposition of crystalline 
cellulose (i.e., filter paper) requires the produc- 
tion of a specific cellulase, and hence only strains 
able to degrade filter paper should be regarded 
as cellulose degraders (Reichenbach, 1989). The 
inability to degrade crystalline cellulose has been 
confirmed in members of most taxa included 
in the family Flavobacteriaceae (Bernardet, 
1989a; Reichenbach, 1989; The Order Cytoph- 
agales in second edition; J.-F. Bernardet, 
unpublished observation), including members of 
the recently described genera Aequorivita, 
Arenibacter, Cellulophaga, Croceibacter, Gelidi- 
bacter, Mesonia, Muricauda, Polaribacter, Psy- 
chroflexus, Psychro serpens, Salegentibacter, 

Ulvibacter, Vitellibacter and Zobellia, as well as 
members of recently described Flavobacterium 
species (Gosink et al., 1998; Barbeyron et al., 
2001; Bruns et al., 2001; Ivanova et al., 2001; 
Bernardet et al., 2002; Bowman and Nichols, 
2002; Cho and Giovannoni, 2003; Nedashk- 
ovskaya et al., 2003a; Nedashkovskaya et al., 
2003b; Nedashkovskaya et al., 2003c; Nedashk- 
ovskaya et al., 2003d). This characteristic 
distinguishes members of the family Flavobacte- 
riaceae from those of the genus Cytophaga, now 
restricted to cellulolytic organisms (Nakagawa 
and Yamasato, 1996). Hence, it is essential 1) that 
strains be tested for their ability to degrade filter 
paper both on a nutrient-containing agar (pre- 
sence of a cellulase) and on a mineral agar (abil- 
ity to use cellulose as the only carbon source; The 
Order Cytophagales in second edition) and 2) 
that the cellulose derivatives that are used be 
specified. 

Pigments 

Members of most genera classified in the family 
Flavobacteriaceae produce light to bright yellow 
or orange pigments though nonpigmented taxa 
(Bergeyella zoohelcum, Coenonia anatina, 
Ornithobacterium rhinotracheale and Weeksella 
virosa) and strains (e.g., some Chryseobacterium 
meningosepticum strains are nonpigmented 
while others, including the type strain, exhibit a 
weak yellow pigmentation; Bruun and Ursing, 
1987) do occur. These pigments may belong to 
the carotenoid or to the flexirubin types depend- 
ing on the genus. However, the genus Flavo- 
bacterium includes carotenoid-producing and 
flexirubin-producing species, as well as species 
producing both types of pigment (Reichenbach, 
1989; Bernardet et al., 1996). The localization of 
the two types of pigment is different (i.e., caro- 



tenoids in the cytoplasm and flexirubins in the 
outer membrane), and several different com- 
pounds of each type may be synthesized by one 
single strain (The Order Cytophagales in second 
edition). Carotenoid pigments are usually pro- 
duced by members of marine species while flex- 
irubin pigments are more frequently associated 
with clinical, freshwater or soil organisms 
(Reichenbach, 1989). Pigments are usually non- 
diffusible, but the beige pigment produced by 
members of Riemerella species is diffusible on 
some solid media (e.g., trypticase soy agar; J.-F. 
Bernardet, unpublished results). 

Although chromatography and spectropho- 
tometry are the most accurate techniques for 
determining the type of pigment produced by 
bacteria (Weeks, 1981), a simple test may be per- 
formed when these methods are unavailable: col- 
onies having a flexirubin type of pigment exhibit 
an immediate color shift from yellow or orange 
to red, purple or brown when flooded with 20% 
KOH and revert to their initial color when 
flooded by an acidic solution once the excess of 
KOH has been removed (Reichenbach, 1989). 
Since the color shift may pass unnoticed when 
the KOH solution is poured directly over a thin 
colony on an agar plate, it is strongly recom- 
mended that the test be performed on a small 
mass of bacterial cells collected with a loop and 
deposited on a glass slide placed on a white back- 
ground (Bernardet et al., 2002). Another similar 
mass of bacteria on which no KOH is poured 
may be used as a control. The color change 
induced by KOH is not absolutely specific for the 
flexirubin type of pigment (Fautz and Reichen- 
bach, 1980), but it is still helpful when combined 
with the results of other tests. 



Gliding Motility 

The taxonomic significance of this property was 
once considered so high that headings of a chap- 
ter in The Prokaryotes (Reichenbach and Dwor- 
kin, 1981a) and of a section in Bergey’s Manual 
(Larkin, 1989) were based on it. However, the 
fact that this type of bacterial motility is not 
restricted to the CFB phylum (Burchard, 1981; 
Reichenbach, 1989), and that gliding motility in 
some members of the phylum was not evident, 
verified Reichenbach’s prediction: “Most proba- 
bly, gliding motility will lose its determining 
character in this taxonomic group, and eventu- 
ally there may be order (s), families, and perhaps 
even genera that comprise motile and non- 
motile species” (The Order Cytophagales in sec- 
ond edition). Hence, although not a sound crite- 
rion to define the family Flavobacteriaceae, 
gliding motility is still an important characteristic 
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for differentiating between genera classified in 
the family and between species of some genera. 
However, precautions need to be taken, as its 
unequivocal recognition is not always easy. 
Gliding motility is highly dependent on growth 
conditions such as the temperature (McGrath et 
al., 1990) and the concentration of nutrients in 
the growth medium; the latter should preferably 
be low (Reichenbach and Dworkin, 1981a). 
Conversely, strains of Gelidihacter mesophilus 
appear to exhibit gliding motility only when spe- 
cific carbohydrates are added to the medium 
(Macian et al., 2002). When gliding is strongly 
suspected but not readily observed by micro- 
scopic examination of a drop of liquid culture 
with a conventionally used coverslip, it should be 
tested using the hanging drop technique: the cov- 
erslip on which the drop has been deposited 
should be turned upside down and placed on tiny 
stands on a glass slide; bacteria are then 
observed through the coverslip. Gliding must be 
checked on the edge of the hanging drop and at 
the bottom surface of the coverslip, as this phe- 
nomenon is exclusively exhibited by bacteria in 
contact with a solid and wet surface, such as glass, 
plastic or agar. Unlike fiagellar motility, gliding 
motility cannot occur when bacterial cells are 
suspended in a liquid. The movements involved 
in gliding motility were described previously 
(Henrichsen, 1972; Reichenbach and Dworkin, 
1981a; Reichenbach, 1989). When gliding, bacte- 
rial cells may also bend, change direction sud- 
denly, or rotate around one end that remains 
attached to the surface while the rest of the cell 
points away from the surface (Reichenbach, 
1989). When gliding motility is very slow and 
hardly noticeable, it may be detected by compar- 
ing the position of bacteria in the same area at 
several minute intervals. Gliding can usually be 
suspected from the more or less rhizoidal aspect 
of the edge of the colonies (provided the agar is 
not too dry), but it cannot usually be detected in 
bacteria collected on agar and suspended in 
saline. Direct microscopic examination of the 
edge of a young colony, either on an open agar 
plate at the highest magnification possible with- 
out using immersion oil or using oil-immersion 
microscopy after covering the colony with a glass 
coverslip, may reveal either gliding itself or the 
slime tracks left on agar by gliding bacteria 
(Burchard, 1981; Bowman, 2000; The Order 
Cytophagales in this Volume). Chamber culture 
may also be used (Reichenbach and Dworkin, 
1981a). The use of phase contrast microscopy is 
always preferable to visualize gliding motility 
(Bowman, 2000). Interestingly, gliding motility 
may be related to another characteristic exhib- 
ited by some flavobacteria, i.e., adherence of col- 
onies to the agar and of bacterial growth on the 



glass fiask walls in liquid culture (McGrath et al., 
1990; Burchard and Sorongon, 1998; Bernardet 
et al., 2002). Adherence presumably facilitates 
the participation of fiavobacteria to biofilms (see 
the section Habitat in this Chapter). Combined 
with gliding motility, this property could also be 
responsible for the invasion of host tissue by the 
fish-pathogenic Flavohacterium and Tenacihacu- 
lum species. However, only few investigations 
have been conducted on the adherence of fia- 
vobacteria (Burchard and Sorongon, 1998; Bur- 
chard, 1999; Decostere et al., 1999a; Decostere 
et al., 1999b). Both adherence and gliding motil- 
ity are likely related to the production of slime 
by many fiavobacteria (Reichenbach, 1989; The 
Order Cytophagales in this Volume). For 
instance, slime may be revealed using the Congo 
red test in Flavohacterium columnare and 
Tenacihaculum maritimum, two gliding species 
whose colonies adhere strongly to the agar; also, 
slime production increases the viscosity of liquid 
cultures of T. maritimum (see Bernardet et al. 
[2002] and references therein). 



Salinity Requirement 

The salinity requirement of members of a poten- 
tially new taxon is an important property to be 
investigated since several genera included in the 
family Flavobacteriaceae are composed of 
strains retrieved from seawater or ice, marine 
sediments, beach mud, marine animals, marine 
algae, hypersaline lakes, or lakes with salinity 
similar to that of seawater (Bowman et al., 
1997; Bowman et al., 1998; Gosink et al., 
1998; Barbeyron et al., 2001; Bruns et al., 2001; 
Humphry et al., 2001; Ivanova et al., 2001; 
Bowman and Nichols, 2002; Macian et al., 
2002; Sakai et al., 2002; Cho and Giovannoni, 
2003; Nedashkovskaya et al., 2003a; Nedashk- 
ovskaya et al., 2003b; Nedashkovskaya et al., 
2003c; Nedashkovskaya et al., 2003d; see Table 
1). Some bacterial strains isolated from high- 
salinity environments require artificial or natural 
seawater, either pure or diluted, for growth, 
whereas other isolates are able to grow on stan- 
dard media which contain adequate NaCl con- 
centration or after the addition of NaCl. For 
instance, the two Chryseohacterium species 
isolated from marine environments (i.e., C. 
indoltheticum and C. scophthalmum) grow on 
trypticase-soy agar (0.5 % NaCl) even better 
than on Bacto marine agar 2216 (1.95 % NaCl 
among other salts); interestingly, the six other 
Chryseohacterium species are also able to grow 
on both trypticase-soy agar and marine agar 
although they occur in non-marine environments 
(J.-F. Bernardet, unpublished results). 
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Capnophilic Metabolism 

Members of most genera assigned to the family 
Flavobacteriaceae are composed of aerobic 
organisms which grow in ambient air. However, 
Capnocytophaga, Coenonia, Ornithohacterium 
and Riemerella strains require various concen- 
trations of carbon dioxide. Culture conditions 
are given in detail in the corresponding 
chapters. After several subcultivations, some 
strains may be adapted to grow under aerobic 
conditions, although growth is always signifi- 
cantly better under microaerophilic conditions 
(Segers et al., 1993; Vandamme et al., 1994b; 
Vandamme et al., 1996; Vandamme et al., 1999; 
Vancanneyt et al., 1999). Growth should be 
tested under both conditions; it is usually very 
poor or absent under strict anaerobic condi- 
tions. Members of the genus Muricauda are 
facultative anaerobes (Bruns et al., 2001), and 
some Flavohacterium species may also grow 
under anaerobic conditions when certain growth 
factors are provided (Bernardet et al., 1996). 



Genetics 

Genetics of members of the family Flavobacteri- 
aceae has been poorly investigated and few data 
are available. Gliding motility is the only mech- 
anism whose genetics was extensively studied 
recently: mutagenesis was used to identify at 
least six different genes required for the gliding 
of Flavohacterium johnsoniae (Hunnicutt et al., 
2002). However, mechanisms responsible for 
gliding motility are complex and probably differ 
among the organisms that exhibit this kind of 
motility (McBride, 2001). The same group also 
developed techniques for the genetic manipula- 
tion of various flavobacteria, such as a system of 
gene transfer, a selectable marker, a suicide vec- 
tor, and a transposon (McBride and Baker, 1996; 
McBride and Kempf, 1996). Chromosomal DNA 
of flavobacteria was only studied for its taxo- 
nomic and phylogenetic applications, such as the 
determination of DNA/DNA homology and the 
G-hC content of the DNA and the comparison of 
16S rRNA or gyrB genes sequences (Bernardet 
et al., 2002; see the section Phylogeny in this 
Chapter). Several molecular techniques (e.g., 
rRNA gene restriction patterns [ribotyping], ran- 
domly amplified polymorphic DNA [RAPD], 
restriction fragment length polymorphism 
[RFLP], pulsed field gel electrophoresis [PFGE], 
etc.) were used to type collections of flavobacte- 
rial strains for epidemiological studies. Plasmid 
DNA was investigated for the same purpose and 
plasmid profiles of collections of strains have 



been compared. Among the 128 bacteria listed 
in the National Center for Biotechnology Infor- 
mation (NCBI) website whose whole genomes 
have been sequenced, Bacteroides thetaiotaomi- 
cron was the only member of the CFB phylum; 
the genomes of three more members of the phy- 
lum (i.e., Cytophaga hutchinsonii, Porphyromo- 
nas gingivalis and Prevotella intermedia) were 
being sequenced, but no member of the family 
Flavobacteriaceae was listed. 



Pathogenicity 

Members of certain species in the family 
Flavobacteriaceae are etiologic agents of dis- 
eases in humans, birds, fishes, and other animals 
(see the section Habitat in this Chapter), but 
the relationship to the host may differ (The 
Order Cytophagales in this Volume; Jooste and 
Hugo, 1999). Most of them are opportunistic, 
invading hosts already immunocompromised 
individually or as a result of poor farming 
conditions or environmental disorders. Hence, 
these organisms may also be isolated from 
environmental samples; this is the case for the 
potentially pathogenic members of the genera 
Flavohacterium and Chryseohacterium and for 
members of the genera Myroides, Empedo- 
hacter, Bergeyella and Weeksella. Some truly 
parasitic pathogens exist in the family, however, 
and are exclusively retrieved from diseased 
hosts; this is the case for the bird pathogens, i.e., 
members of the genera Riemerella, Ornithohac- 
terium and Coenonia. Although Capnocytoph- 
aga species belong to the normal bacterial flora 
of humans, they too may become pathogenic. 
Human infections caused by flavobacteria are 
uncommon but may be serious owing to the fact 
that patients are immunocompromised; more- 
over, strains are frequently highly resistant to 
many antimicrobial agents. Pathogenicity is 
dealt with in detail in the chapters listed in the 
Introduction. 



Applications 

Understandably, practical aspects and applica- 
tions of members of the family Flavobacteri- 
aceae are related to their habitats and to their 
relationship to the host (see the section Habitat 
in this Chapter). Positive aspects include synthe- 
sis of a number of enzymes potentially useful in 
industry or medicine; turnover of organic matter 
in soil, water, and sewage plants; decomposition 



474 J.-F. Bernardet and Y. Nakagawa 



CHAPTER 6.3 



of pesticides and insecticides; destruction of 
toxic proliferative algae; and symbiosis with var- 
ious insects. Negative effects include spoilage 
and defects of food (meat, fish, and dairy prod- 
ucts); infections in humans and animals; and 
destruction of valuable algae and vegetables 
(Holmes et al., 1984a; Reichenbach, 1989; The 
Genera Flavobacterium, Sphingobacterium and 
Weeksella in this Volume; The Order Cytoph- 
agales in this Volume). Practical aspects and 
applications are dealt with in the chapters listed 
in the Introduction. 
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The Genus Flavobacterium 

JEAN-FRANgOIS BERNARDET AND JOHN P. BOWMAN 



Introduction 

The genus Flavobacterium Bergey, Harrison, 
Breed, Hammer, and Huntoon 1923, emend. 
Bernardet, Segers, Vancanneyt, Berthe, Kersters, 
and Vandamme 1996 (Bergey et al., 1923; Ber- 
nardet et al., 1996) is probably one of the best 
examples of the revolution brought to the classi- 
fication of a bacterial taxon by the use of the 
phylogenetic techniques based on the compari- 
son of 16S rRNA sequences. Of the seven species 
considered in the previous edition of Ber gey’s 
Manual of Systematic Bacteriology (Holmes 
et al., 1984), only the type species E aquatile was 
finally retained while several other taxa, previ- 
ously misclassified in other genera, were added 
to form an extensively emended genus Flavobac- 
terium (Bernardet et al., 1996). Since then, the 
genus has considerably expanded owing to the 
description of many new species mostly originat- 
ing from polar habitats. The organisms currently 
included in the genus Flavobacterium were dis- 
tributed among different chapters in previous 
editions of Bergey ’s Manual and of The Prokary- 
otes. In Bergey ’s Manual, Flavobacterium 
aquatile was dealt with in the chapter “Genus 
Flavobacterium’’ (Holmes et al., 1984), while 
several other Flavobacterium species were 
considered (under other generic epithets) in the 
chapter “Order I. Cytophagales” (Reichenbach, 
1989) in the second edition of The Prokaryotes. 
The latter species were also included in the 
chapter The Order Cytophagales in the second 
edition, while F aquatile was excluded from 
the chapter The Genera Flavobacterium, Sphin- 
gobacterium, and Weeksella also from this Vol- 
ume and not considered anywhere else! These 
chapters contain a wealth of information and are 
still well worth consulting. 

The history and structure of the family 
Flavobacteriaceae, of which the genus Flavo- 
bacterium is the type genus, are presented in 
the chapter “An Introduction to the Family 
Flavobacteriaceae” in this Volume. The taxo- 
nomic and nomenclatural issues concerning 
the genus Flavobacterium are dealt with by 
the subcommittee on the taxonomy of 



Flavobacterium and Cytophaga-\\k.Q bacteria 
of the International Committee on Systematics 
of Prokaryotes. This subcommittee has issued 
minimal standards for the description of new 
taxa in the genus Flavobacterium and other gen- 
era in the family Flavobacteriaceae (Bernardet 
et al., 2002). 

Few species in the genus Flavobacterium have 
been extensively studied and most of them are 
represented by one strain (i.e., the type species 
F antarcticum as well as F aquatile, F flevense, 
F frigidarium, F gillisiae, F granuli, F hydatis, F 
omnivorum, F pectinovorum, F saccharophilum, 
F xanthum and F xinjiangense) or a limited num- 
ber of strains in culture collections. Exceptions 
are the fish-pathogenic species, of which many 
strains are usually available; owing to their eco- 
nomic significance worldwide, they have been 
the subject of numerous studies (see the sections 
“Habitat and Ecology” and “Pathogenicity and 
Epidemiology” in this Chapter) and will provide 
many examples in this chapter. 



Phylogeny 

Sequences of 16S rRNA and DNA gyrase large 
subunit {gyrB) genes (Weisburg et al., 1985; 
Woese et al., 1990; Nakagawa and Yamasato, 
1993; Suzuki et al., 2001) locate the genus Fla- 
vobacterium within the phylum “Bacteroidetes,” 
clustering appropriately in a central position in 
the family Havobacteriaceae (Bernardet et al., 
1996) where it represents the type genus. Within 
the family Flavobacteriaceae, the genus Fla- 
vobacterium branches between two primary lin- 
eages, one consisting of mostly marine genera 
and the other of non-marine genera (see the 
chapters An Introduction to the Family Fla- 
vobacteriaceae in this Volume and The Marine 
Clade of the Family Flavobacteriaceae: The 
Genera Aequorivita, Arenibacter, Cellulophaga, 
Croceibacter, Formosa, Gelidibacter, Gillisia, 
Maribacter, Mesonia, Muricauda, Polaribacter, 
Psychroflexus, Psychroserpens, Robiginitalea, 
Salegentibacter, Tenacibaculum, Ulvibacter, 
Vitellibacter and Zobellia in this Volume). This 
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intermediate position corresponds well with the 
ecophysiology of the genus, which is relatively 
diverse (including species from freshwater and 
from marine ecosystems; see the section Habitat 
and Ecology in this Chapter). The deepest 
known branching members of the genus {E 
gelidilacus, E columnare and E aquatile) are 
from freshwater ecosystems, suggesting that 
more halotolerant and marine-derived members 
of the genus (such as E jievense, E gillisiae, E 
frigidarium, etc.) may have been distributed 
into and adapted to seawater/estuarine type 
environments in the past. Since practically no 
member of the genus is known to require Na^ 
ions for growth, the adaptation to marine envi- 
ronments appears so far to be incomplete (see 
the section Physiology in this Chapter). Figure 1 
presents the phylogenetic tree of the genus 
Elavobacterium based on 16S rRNA gene 
sequences. 

Sequencing of the 16S rRNA gene has over 
time helped clarify the taxonomy of the genus 
Elavobacterium and is the means to definitively 
assign new strains within the genus. Phylogenetic 
data however indicate that several nomencla- 
tural anomalies remain unresolved. Though 
many Elavobacterium species originally included 
in the older descriptions of the genus (Holmes et 
al., 1984) have been reclassified (Bernardet et al., 
1996; see the section Taxonomy), the taxonomy 
of several validly described Elavobacterium spe- 
cies (J. P. Euzeby, List of Bacterial Names with 
Standing in Nomenclature) is yet to be officially 
corrected. For example, the species [F] devorans 
and [F] yabuuchiae are believed to be syn- 
onyms of Sphingomonas paucimobilis (Yabuuchi 
et al., 1979; Bauwens and De Ley, 1981) and 
Sphingobacterium spiritovorum (Takeuchi and 
Yokota, 1992), respectively. The species [F] 
mizutaii and [F] ferrugineum are clearly generi- 
cally misclassified and are most closely related to 
the genera Sphingobacterium and Chitinophaga, 
respectively (Gherna and Woese, 1992; Naka- 
gawa and Yamasato, 1993). No phylogenetic data 
are available for several species including [F] 
acidificum, [F] acidurans, [F] oceanosedimen- 
tum, [F] resinovorum or [F] thermophilum. On 
the basis of DNA base composition data, all of 
these rather obscure species are misclassified and 
constitute species in completely separate bacte- 
rial phyla. For example. Holmes et al. (1984) con- 
sidered [F] acidificum to be a strain of ‘‘Erwinia 
herbicola subsp. Ananas'' (now Pantoea anana- 
tis), a member of the Gammaproteobacteria, 
while others such as [F] oceanosedimentum are 
Gram-positives belonging to the Bacillus branch 
of the Firmicutes. 

There are also discrepancies even with better- 
studied species. For example, sequences pro- 
vided for the type strain of F psychrophilum are 



quite different (Fig. 1). Substantial heterogene- 
ity amongst strains classified as F columnare and 
F johnsoniae is also notable. However, in the 
case of F columnare, this apparent hetero- 
geneity is caused by a misidentification of 
the strain ATCC 43622, which more likely 
belongs to F johnsoniae. The bona fide F colum- 
nare strains are indeed grouped within a single 
cluster in the phylogenetic tree; the division of 
this cluster in three subclusters was already 
reported by Triyanto and Wakabayashi (1999), 
who based their description of three F colum- 
nare genomovars on differences in 16S rRNA 
sequences, restriction fragment length polymor- 
phism (RFLP), and DNA-DNA hybridization. 
A misidentification is not the explanation for the 
distance between the F johnsoniae strain DSM 
425 and the F johnsoniae type strain, however, 
since their whole-cell protein and fatty acid 
profiles are closely related (J.-F. Bernardet, 
unpublished data). Some of these limitations 
have already been reported as early as 1984 by 
Reichenbach (1989) and this genetic diversity 
may also suggest the potential presence of addi- 
tional Elavobacterium species amongst culture 
collection strains. 



Taxonomy 

The long and complex history of the genus 
Elavobacterium up to its emendation in 1996 has 
been presented in several publications (Holmes 
et al., 1984; Holmes et al., 1992; Bernardet et al., 
1996; the chapter on The Genera Elavobacte- 
rium, Sphingobacterium, and Weeksella in this 
Volume) and will not be repeated here. As a 
result of an extensive polyphasic study 
(Bernardet et al., 1996), the genus Elavobacte- 
rium was shown to comprise the ten following 
valid species: F aquatile (Holmes et al., 1984), 
F branchiophilum (Wakabayashi et al., 1989), F 
columnare (Bernardet and Grimont, 1989), F 
flevense (Van der Meulen et al., 1974), F hydatis 
(basonym, [Cytophaga] aquatilis; Strohl and Tait, 
1978), F johnsoniae (Reichenbach, 1989), F pec- 
tinovorum (Reichenbach, 1989), F psychro- 
philum (Bernardet and Grimont, 1989), F 
saccharophilum (Agbo and Moss, 1979), and F 
succinicans (Anderson and Ordal, 1961). (The 
references given here are the most relevant, 
although not necessarily the original descrip- 
tions.) This study also demonstrated that the 
invalid taxa ‘‘[Cytophaga] allerginae” (see the 
section Pathogenicity and Epidemiology in this 
Chapter), “[Cytophaga] xantha," “[Elexibacter] 
aurantiacus subsp. excathedrus ," “[Promyxo- 
bacterium] flavum," and “[Sp or o cytophaga] 
cauliformis" belong to the genus (Bernardet et 
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Fig. 1. A maximum likelihood distance phylogenetic tree created by the neighbor-joining procedure (Saitou and Nei, 1987) 
based on near complete 16S rRNA gene sequences of the genus Flavobacterium. The outgroup for the tree was Myroides 
odoratus. The bar indicates maximum likelihood distance. 
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al., 1996). Except the latter, these invalid and 
poorly studied taxa are each represented by a 
single strain. Since then, ''[Cytophaga] xantha'' 
has been validly published under the name Fla- 
vobacterium xanthum as a result of an extensive 
study of Antarctic organisms (McCammon and 
Bowman, 2000). The scant information available 
on the four remaining invalid taxa may be found 
in Reichenbach (1989). The determination of the 
16S rRNA sequence oi“[Sporocytophaga\ cauli- 
formis'' and ‘‘[Flexibacter] aurantiacus subsp. 
excathedrus'' has confirmed their attribution to 
the genus Flavobacterium (Fig. 1). 

Since the emendation of the genus Flavobac- 
terium, members of the family Flavobacteriaceae 
have been shown to represent an important bac- 
terial group in Antarctic environments (Bowman 
et al., 1997; Van Trappen et al., 2002; see the 
section Habitat and Ecology in this Chapter); 
however, the presence of gliding “cytophagas” 
(which would likely be classified as Flavobacte- 
rium nowadays) in polar lakes had been noticed 
long ago (Christensen, 1974). Subsequently, 
extensive studies of bacterial strains retrieved 
from various regions of Antarctica have resulted 
in the description of several new Flavobacterium 
species: F antarcticum (Yi et al., 2005) and F 
fryxellicola and F psychrolimnae (Van Trappen 
et al., 2005), F hibernum (McCammon et al., 
1998), F gillisiae and F tegetincola (McCammon 
and Bowman, 2000), F frigidarium (Humphry 
et al., 2001), F gelidilacus (Van Trappen et al., 
2003a), and F degerlachei, F frigoris and F 
micromati (Van Trappen et al., 2003a). Not from 
Antarctica but still from cold environments came 
F limicola (Tamaki et al., 2003), F omnivorum 
and F xinjiangense (Zhu et al., 2003). Hence, 
taking into consideration the previously 
described F psychrophilum, sixteen among the 
twenty-six current valid Flavobacterium species 
are distinctly psychrophilic or psychrotolerant. 
While F flevense was the only halophilic species 
of the ten known in 1996, nine of those published 
since then may be considered halophilic or halo- 
tolerant (see the sections Habitat and Ecology, 
Identification, and Physiology in this Chapter). 
Features of the valid Flavobacterium species and 
invalid taxa are listed in Table 1. 

Many other organisms, validly published or 
not, were included in the genus Flavobacterium 
since it was created in 1923 (Bergey et al., 1923). 
Most of them were subsequently attributed to 
other or new genera (e.g., the genera Cellu- 
lophaga, Chryseobacterium, Empedobacter, 
Myroides, Pedobacter, Psychroflexus, Salegen- 
tibacter, Sphingo bacterium and Zobellia; see the 
corresponding chapters The Genera Flavobacte- 
rium, Sphingobacterium, and Weeksella in the 
second edition; The Genus Chryseobacterium in 
this Volume; The Marine Clade of the Family 



Flavobacteriaceae: The Genera Aequorivita, 
Arenibacter, Cellulophaga, Croceibacter, For- 
mosa, Gelidibacter, Gillisia, Maribacter, Mes- 
onia, Muricauda, Polaribacter, Psychroflexus, 
Psychroserpens, Robiginitalea, Salegentibacter, 
Tenacibaculum, Ulvibacter, Vitellibacter and 
Zobellia; An Introduction to the Family 
Flavobacteriaceae; The Genera Bergeyella and 
Weeksella', and The Genera Myroides and Empe- 
dobacter all in this Volume) while others (for 
which no 16S rRNA sequences are available) still 
appear in the lists of Flavobacterium species 
pending further investigation. Complete lists of 
organisms currently belonging to the genus 
Flavobacterium or that were attributed to it for 
some time may be found in the chapter 
“Taxonomic Outlines of the Prokaryotes” of the 
second edition of Bergey’s Manual (Garrity and 
Holt, 2001) and in the List of Bacterial Names 
with Standing in Nomenclature (Euzeby, 1997; 
List of Bacterial Names with Standing in 
Nomenclature). These lists also provide the cur- 
rent taxonomic status and standing in nomencla- 
ture of the taxa that were subsequently excluded 
from the genus Flavobacterium. 

Habitat and Ecology 

Habitats known to harbor Flavobacterium 
strains are listed in Table 2. 

Members of the genus Flavobacterium are 
widely distributed in nature, occurring mostly in 
aquatic ecosystems ranging in salinity from 
freshwater to seawater. Flavobacterium species 
have never been isolated from hypersaline 
waters: the extremely halotolerant Antarctic spe- 
cies formally referred to as “[E] salegens'' and 
“[E] gondwanense'' are now Salegentibacter and 
Psychroflexus, respectively (Bowman et al., 1998; 
McCammon and Bowman, 2000), genera which 
are core members of the marine clade of the 
family Flavobacteriaceae. By comparison, Fla- 
vobacterium species have a distinct predilection 
to low salinity, cool to cold environments and 
are commonly isolated from polar lakes (Van 
Trappen et al., 2002) and from streams, rivers, 
lakes and muddy soils in other cold environ- 
ments. Unidentified members of the genus were 
also reported from marine algae (Maeda et al., 
1998; Adachi et al., 2002) and mangrove environ- 
ments (Nakagawa et al., 2001), although none of 
them actually required seawater for growth. 
Most Flavobacterium species are psychrotoler- 
ant (rather than psychrophilic, as defined by 
Morita 1975) and grow well at 4°C and optimally 
at 20-30°C. Currently, Flavobacterium species 
have been successfully isolated from temperate 
to polar low salinity ecosystems which on a 
biogeographical level correlates well with their 
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cold-oriented ecophysiology. Various Flavobac- 
terium spp. thus have biotechnological potential 
and ecological interest owing to their ability to 
produce cold-active enzymes. Some of these 
enzymes may even be implicated in pathogenic- 
ity such as in coldwater disease in fish caused by 
E psychrophilum. 

As a matter of fact, several freshwater species 
are (or potentially are) the etiological agents of 
fish diseases (see the section Pathogenicity and 
Epidemiology in this Chapter), including R 
columnare, E hranchiophilum, E hydatis, E 
johnsoniae, E psychrophilum and E succinicans. 
Strains of these species have been isolated from 
external lesions and internal organs of salmon 
and other fish, but in some cases also from the 



surrounding water. The growth requirements of 
species such as E hranchiophilum and E psychro- 
philum are rather fastidious (see the section 
Isolation and Cultivation in this Chapter), 
suggesting their primary habitat could be limited 
to the fish tissue environment where they exist 
as a parasite or saprophyte depending on the 
immunological state of the fish and the virulence 
of individual strains. Recent data suggest patho- 
gens such as E psychrophilum can survive for 
long periods in water, with survival enhanced by 
sediment-derived nutrients; a salinity of 6 how- 
ever drastically reduces the number of culturable 
E psychrophilum cells (Madetoja et al., 2003). 
Other species such as E succinicans and E 
hydatis are less exacting and thus may be simple 



Table 1. Currently recognized species classified in the genus Flavobacterium.^ 



Species^ 


Type strain 


G+C 

(mol%) 


Source 


Reference (s) 


Number of 
strains 


Flavo bacterium 
antarcticum 


JCM 12383 


38 


Soil, King George Island, 
Antarctica 


Yi et al., 2005 


1 


Flavobacterium 

aquatile 


ATCC 11947 


33 


Deep well. United Kingdom 


Holmes et al., 1984; 
Bernardet et al., 1996 


1 


Flavobacterium 
branchiophilum ^ 


ATCC 35035 


34 


Gills of salmon, Japan, 1977 


Wakabayashi et al., 1989; 
Bernardet et al., 1996 


16, 2, 30 


Flavobacterium 
columnare ^ 


NCIMB 2248 


32 


Kidney of salmon. 
United States, 1955 


Bernardet and Grimont, 
1989c; Bernardet et al., 
1996 


7, 5, 20 


Flavobacterium 

degerlachei 


LMG 21915 


34 


Microbial mats. Lake Ace, 
Vestfold Hills, Antarctica 


Van Trappen et al., 2003b 


14, 5, 14 


Flavobacterium 
flevense ^ 


ATCC 27944 


35 


Freshwater lake. 
The Netherlands 


Van der Meulen et al., 
1974; Bernardet et al., 
1996 


1 


Flavobacterium 
frigidarium ® 


ATCC 700810 


35 


Marine sediment, 
Adelaide Island, 
Antarctica 


Humphry et al., 2001 


1 


Flavobacterium 

frigoris 


LMG 21922 


34 


Microbial mats. Watts Lake, 
Vestfold Hills, Antarctica 


Van Trappen et al., 2003b 


19, 5, 19 


Flavobacterium 

fryxellicola 


LMG22022 


35 


Microbial mats. Lake Fryxell, 
Dry Valley, Antarctica 


Van Trappen et al., 2005 


3, 3,3 


Flavobacterium 

gelidilacus 


LMG 21477 


30 


Microbial mats, freshwater 
and saline lakes, Antarctica 


Van Trappen et al., 2003a 


22, 5, 22 


Flavobacterium 

gillisiae 


ACAM 601 


32 


Sea ice, Prydz Bay, Antarctica 


McCammon and 
Bowman, 2000 


1 


Flavobacterium 

granuli 


IAM15099 


36 


Wastewater treatment plant, 
beer brewery. South Korea 


Askan et al., 2005 


1 


Flavobacterium 
hibernum ^ 


ACAM 376 


34 


Freshwater lake, Antarctica 


McCammon et al., 1998 


2, 2,2 


Flavobacterium 
hydatis ^ 


ATCC 29551 


34 


Gills of salmon. United States, 
1974 


Strohl and Tait, 1978; 
Bernardet et al., 1996 


5, 1,5 


Flavobacterium 

johnsoniae 


ATCC 17061 


35 


Soil or mud. United Kingdom 


Reichenbach, 1989; 
Bernardet et al., 1996 


5, 11, 30 


Flavobacterium 

limicola 


JCM 11473 


34 


River sediment, Ibaraki 
Prefecture, Japan 


Tamaki et al., 2003 


3, 3,3 


Flavobacterium 

micromati 


LMG 21919 


33 


Microbial mats, Grace Lake, 
Vestfold Hills, Antarctica 


Van Trappen et al., 2003b 


3, 3,3 


Flavobacterium 

omnivorum 


AS 1.2747 


35 


Frozen soil, China No. 1 

glacier, Xinjiang, China, 1999 


Zhu et al., 2003 


1 


Flavobacterium 
pectinovorum ^ 


NCIMB 9059 


35 


Soil, United Kingdom 


Reichenbach, 1989; 
Bernardet et al., 1996 


8, 1,8 


Flavobacterium 

psychrolimnae 


LMG22018 


35 


Microbial mats. Lake Fryxell, 
Dry Valleys, Antarctica 


Van Trappen et al., 2005 


4, 4,4 
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Table 1. Continued 



Species'" 


Type strain 


G+C 

(mol%) 


Source 


Reference(s) 


Number of 
strains 


Flavobacterium 
psychrophilum ' 


NCIMB 1947 


33 


Kidney of salmon. 
United States, 1955 


Bernardet and Grimont, 
1989c; Bernardet et al., 
1996 


7, 6, 200 


Flavobacterium 
saccharophilum "" 


NCIMB 2072 


36 


River Wey, United Kingdom, 
1976 


Agbo and Moss, 1979; 
Reichenbach, 1989; 
Bernardet et al., 1996 


4, 1,4 


Flavobacterium 

succinicans 


DSM 4002 


37 


Fin of salmon. United States, 
1954 


Anderson and Ordal, 
1961; Reichenbach, 
1989; Bernardet et al., 
1996 


3, 3,3 


Flavobacterium 

tegetincola 


ACAM 602 


34 


Cyanobacterial mat, marine 
salinity lake, Antarctica 


McCammon and 
Bowman, 2000 


2, 1,2 


Flavobacterium 

xinjiangense 


AS 1.2749 


34 


Frozen soil, China No. 1 

glacier, Xinjiang, China, 1999 


Zhu et al., 2003 


1 


Flavobacterium 
xanthum ° 


lAM 12026 


36 


Soil, Showa station, Antarctica, 
1967 


Inoue and Komagata, 
1976; Reichenbach, 
1989; McCammon and 
Bowman, 2000 


1 


"[Cytophaga] 

allerginaC" 


ATCC 35408 


34 


Water in air-cooling unit, 
Florida 


Liebert et al., 1984; 
Reichenbach, 1989; 
Bernardet et al., 1996 


1 


"[Flexibacter] 
aurantiacus subsp. 
excathedrus'' 


ATCC 23086 


33 


Pool in cathedral, Cartago, 
Costa Rica 


Lewin, 1969; 
Reichenbach, 1989; 
Bernardet et al., 1996 


1 


" [Promyxobacterium] 
flavum'’ 


DSM 3577 


35 


Rhizosphere of tomato plant, 
Russia 


Reichenbach, 1989; 
Bernardet et al., 1996 


1 


" [Sporocytophaga] 
cauliformis” 


NCIMB 9488 


36 


Water, Lake Constance, 
Germany 


Graf, 1962 
Reichenbach, 1989; 
Bernardet et al., 1996 


2, 2,2 



Abbreviations: type species; the species is cited on the Approved Lists of Bacterial Names (Skerman et ah, 1980; Moore 

et al., 1985); ACAM, Australian Collection of Antarctic Microorganisms, University of Tasmania, Hobart, Tasmania, Australia; 
AS, culture collection of the Institute of Microbiology, Academia Sinica, Beijing, China; ATCC, American Type Culture 
Collection, Manassas, VA, United States; DSM, Deutsche Sammlung von Mikroorganismen, Braunschweig, Germany; lAM, 
culture collection of the institute of Applied Microbiology, University of Tokyo, Japan; JCM, Japanese Collection of Micro- 
organisms, Tokyo, Japan; LMG, BCCM/LMG bacteria collection, Laboratorium voor Microbiologie, University of Gent, 
Gent, Belgium; NCIMB, National Collection of Industrial and Marine Bacteria, Aberdeen, Scotland. 

^ Names in quotation marks have not been validly published. Brackets indicate generically misclassified bacteria. Accession 
number is that in the recognized culture collection in which the type strain was first deposited. The origin and G -i- C content 
are those of the type strain. When more than one strain are known, three numbers are given, i.e., the number of strains on 
which the original description was based, the number of strains currently available in the largest culture collections (ATCC, 
CIP [Collection de ITnstitut Pasteur, Paris, France], DSM, LMG, and NCIMB), and the approximate number of strains which 
have been included in further studies and which are or may still be maintained in specialized culture collections, respectively. 

Previous names and corrected epithets of species (taken from Euzeby [1997]; List of Bacterial Names with Standing in 
Nomenclature) are as stated in footnotes c to o. 

''[Bacillus] aquatillis” Frankland and Frandlnad 1889, "Bacterium aquatillis” Chester 1897, "[Flavobacterium] aquatilis” 
Bergey et al. 1923, "[Chromobacterium] aquatilis'' Topley and Wilson 1929, and "[Empedobacter] aquatilC Brisou et al. 1960. 
^ Flavobacterium branchiophila Wakabayashi et al. 1989. 

® "[Bacillus] columnaris” Davis 1922, "[Chondrococcus] columnaris” Ordal and Rucker 1944, [Cytophaga] columnaris Gar- 
njobst 1945, Reichenbach 1989, and [Flexibacter] columnaris Leadbetter 1974, Bernardet and Grimont 1989c. 

^ [Cytophaga] flevensis van der Meulen et al. 1974, Reichenbach 1989. 

® "Flavobacterium xylanivorum,” name as deposited in the 16S rRNA sequence databases and in the ATCC. 

^ "Flavobacterium ameridiesC name as deposited in the 16S rRNA sequence databases. 

‘ [Cytophaga] aquatilis Strohl and Tait 1978. 

j [Cytophaga] johnsonae Stanier 1947, Reichenbach 1989, and "[Cytophaga] johnsoniC Stanier 1957. 

^ "Flavobacterium pectinovorum'’ Dorey 1959, "[Empedobacter] pectinovorum” Kaiser 1961, and [Cytophaga] pectinovora 
Reichenbach 1989. 

^ [Cytophaga] psychrophila Borg 1960, Reichenbach 1989, and [Flexibacter] psychrophilus Bernardet and Grimont 1989c. 
[Cytophaga] saccharophila Agbo and Moss 1979. 

" [Cytophaga] succinicans Anderson and Ordal 1961, Reichenbach 1989, and "[Flexibacter] succinicans'' Leadbetter 1974. 

° "[Cytophaga] xantha” Inoue and Komagata 1976. 
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Table 2. Habitats which are known to harbor described Flavobacterium species. 

Species Known habitat(s) 



F branchiophilum 

F columnare 
F hydatis 
F psychrophilum 

F succinicans 



F aquatile 
F flevense 
F granuli 
F johnsoniae 

F limicola 
F pectinovorum 
F saccharophilum 
“[Cytophaga\ alter ginae” 

“[Flexibacter] aurantiaus subsp. Excathedrus” 
“[Promyxobacterium] flavum” 
“[Sporocytophaga] cauliformis ” 

F antarcticum 
F degerlachei 
F frigidarium 
F frigoris 
F fryxellicola 
F gelidilacus 
F gillisiae 
F hibernum 
F micromati 
F omnivorum 
F tegetincola 
F xanthum 

F xinjiangense 



Freshwater fish 

Diseased gills of various fish species; United States, Canada, Hungary, 
Japan, and Korea 

External lesions and internal organs of many fish species; worldwide 
Diseased gills of salmon; United States 

External lesions and internal organs of (mostly) salmonid fish; United 
States, Canada, Chile, Europe, Japan, Korea, Tasmania 
External lesions of salmon and aquarium water (containing salmon); 
United States 

Temperate freshwater and soil 

Well water; United Kingdom 

Freshwater and muddy soils, e.g., from Ijsselmeer, the Netherlands 
Wastewater treatment plant, beer brewery; South Korea 
Soil (as for F pectinovorum), compost, freshwater and freshwater sediment, 
also external lesions of various fish species; worldwide 
Freshwater river sediment, e.g., from Japan 

Temperate, moist, organic-rich soils, e.g., from the United Kingdom 

Freshwater sediment; United Kingdom 

Water in an air-cooling unit; United States 

Freshwater pool; Costa Rica 

Rhizosphere of tomato plant; Russia 

Freshwater lake (Lake Constance) 

Cold environments 

Organic-rich soil (penguin habitat); Antarctica 
Microbial mats, freshwater lakes; Antarctica 
Marine sediment, sea-ice; Antarctica 
Microbial mats, freshwater lakes; Antarctica 
Microbial mats, fresh/brackish water lakes; Antarctica 
Microbial mats, freshwater and saline lakes; Antarctica 
Rich basal algal assemblages of sea-ice; Antarctica 
Freshwater lakes fed by glacial run-off; Antarctica 
Microbial mats, freshwater lakes; Antarctica 
Frozen soil, glacier; China 

Microbial mats, freshwater to marine salinity lakes; Antarctica 
Muddy soil, pond mud, algal mats, freshwater lakes in Antarctica; 

freshwater eutrophic lakes in Germany 
Frozen soil, glacier; China 



freshwater commensals but may possess op- 
portunistic pathogenic responses. Strains of F. 
columnare also can kill cysts of the protistan 
pathogen Giardia lamblia in the presence of ele- 
vated Ca^^ ions (Rodgers et al, 2003), suggesting 
that the biological interactions of pathogenic and 
other Flavobacterium species could be quite 
diverse (see the section Applications in this 
Chapter). 

Other Flavobacterium species appear to be 
harmless, chemoheterotrophic species that play 
a role in mineralizing various types of organic 
matter (carbohydrates, amino acids, proteins, 
and polysaccharides) in aquatic ecosystems (see 
the sections Identification and Physiology in this 
Chapter), although many early reports of bacte- 
ria, fungi, dead insects, and nematods being 
degraded by so-called ‘'Flavobacterium'' in soil 
are questionable. A member of the genus Fla- 
vobacterium was recently retrieved from paper 
mill slime, but its role in the process was not 



determined (Oppong et al., 2003). The 16S 
rRNA gene sequence was the only clue to the 
attribution to the genus Flavobacterium of sev- 
eral bacterial strains retrieved from the guts of 
mosquitoes (Campbell et al., 2004). Some spe- 
cies appear to be cosmopolitan (e.g., F johnso- 
niae and F xanthum), isolated from different 
habitats across several continents; however, the 
knowledge of the distribution of most Flavobac- 
terium species is severely limited and data for 
most species are based only on one survey. In 
addition, specific ecological knowledge for most 
species is absent, including their specific func- 
tional roles and interactions with micro- 
organisms and metazoa. The fish pathogens are 
exceptions, though even for these the data are 
still relatively limited. 

Temperate freshwater and freshwater sedi- 
ments (groundwater, lakes, rivers and ponds) are 
known to be habitats for the species F johnso- 
niae, F saccharophilum, F flevense, F limicola 
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and E xanthum (Tamaki et al., 2003), while 
microbial mats and water of Antarctic olig- 
otrophic lakes harbor E tegetincola, E xanthum, 
E hibernum, E xinjiangense, E gelidilacus, E 
degerlachei, E micromati, E frigoris, E fryxelli- 
cola and E psychrolimnae (Jaspers et al., 2001; 
Van Trappen et al, 2002; Van Trappen et al., 
2003a; Van Trappen et al., 2003b; Pearce, 2003; 
Van Trappen et al., 2005; Table 2). The latter set 
of species tends to be more cold-adapted than 
the temperate species with growth temperature 
limits only slightly over 25°C. Soil is also a 
habitat for Elavobacterium species including E 
pectinovorum, E johnsoniae and E antarcticum 
(Yi et al., 2005). The soils in which they have 
been found were moist and organic rich; arid 
desert or infertile soils were not known to harbor 
Elavobacterium species until a Elavobacterium 
sp. was recently isolated from samples of arid soil 
(Bodour et al., 2003). Two species, E omnivorum 
and E xinjiangense, were isolated from entrained 
frozen soil recovered from a glacier in western 
China (Xinjiang Province; Zhu et al., 2003). The 
soil was frozen into the glacier long in the past 
with the freeze-resistant species probably surviv- 
ing there ever since. Most bacteria found in 
glacial deposits are usually hardy soil-type bac- 
teria that are probably distributed into glacial 
environments either by wind-dispersion or by 
being trapped during one of the past ice ages. 
The species E gillisiae and E frigidarium were 
isolated from polar sea-ice, Antarctic marine 
salinity lakes, and marine sediment (e.g.. 
Bowman et al., 1997; McCammon and Bowman, 
2000; Humphry et al., 2001; Brinkmeyer et al., 
2003) and could have a wider distribution in cold 
ecosystems. Culture-independent studies using 
polymerase chain reaction (PCR)-amplification 
and sequencing of cloned 16S rRNA genes so far 
indicate Elavobacterium species are more or less 
limited to the environments already indicated 
above (see the section Identification in this 
Chapter). Using phenotypic characteristics and 
16S rRNA gene sequences, Zdanowski et al. 
(2004) identified several Elavobacterium sp., 
Chryseobacterium sp. and Gelidibacter sp. strains 
among the extremely diverse bacterial commu- 
nity in penguin guano in Antarctica. Indeed, the 
new species E antarcticum was isolated from a 
soil sample collected from a penguin habitat (Yi 
et al., 2005). 

Such artificial, moist environments as air- 
cooling units are also colonized by members of 
the genus Elavobacterium’, for instance, a Ela- 
vobacterium sp. strain was involved in several 
human cases of respiratory disease which 
occurred during the eighties in a United States 
textile facility (Flaherty et al., 1984; Liebert et 
al., 1984; see the section Pathogenicity and Epi- 
demiology in this Chapter). Another, very 
unusual environment for Elavobacterium strains 



was discovered when amoebae were shown to 
harbor intracellular members of the genus 
(Muller et al., 1999; Horn et al., 2001; see the 
section Pathogenicity and Epidemiology in this 
Chapter). One of the most recently described 
Elavobacterium species, E granuli, was isolated 
from anaerobic granules in the wastewater treat- 
ment plant of a beer brewing factory in South 
Korea (Aslam et al., 2005). These granules, com- 
posed of microorganisms, inorganic nuclei and 
extracellular polymers, result from the floccula- 
tion of sludge in the reactor. 

The ecology and habitats of bacterial genera 
belonging to the family Flavobacteriaceae were 
reviewed by Jooste and Hugo (1999). They were 
also extensively described for some of the bacte- 
rial species now encompassed in the genus 
Elavobacterium by Reichenbach (1989) and in 
the chapter The Order Cytophagales in the sec- 
ond edition. Many early publications reported 
the degradation of food products by poorly 
identified ‘‘Elavobacterium'' strains; however, 
these food-related members of the family 
Flavobacteriaceae have subsequently been 
moved to the genera Bergeyella, Chryseobacte- 
rium, Empedobacter, Myroides and Weeksella 
(Engelbrecht et al., 1996; Jooste and Hugo, 1999; 
see the three corresponding chapters in this 
Volume — The Genera Bergeyella and Weeksella, 
The Genera Myroides and Empedobacter and 
The Genus Chryseobacterium). Elavobacterium 
spp. were isolated or identified from their 16S 
rRNA gene sequence from poultry and the air of 
poultry processing establishments (Geornaras 
et al., 1996; Ellerbroek, 1997), dairy products 
(Cousin, 1982), and traditional alcoholic bever- 
ages in Nigeria (Sanni et al., 1999) and Mexico 
(Escalante et al., 2004), but the identification pro- 
cedure was insufficient to determine whether 
these isolates were true Elavobacterium strains 
or belonged to other genera in the family Flavo- 
bacteriaceae. Bacterial strains, identified as 
members of the genus Elavobacterium based on 
phenotypical characteristics, were isolated from 
the surface and muscle of fresh or ice-stored 
sardines, but they were not considered to play 
an important role in the spoilage of the fish 
(Gennari and Cozzolino, 1989; Elotmani et al., 
2004). This was also the opinion of Gonzalez et 
al. (2000) about the E aquatile strain they isolated 
from muscle samples of ice-stored rainbow trout. 
The isolation of Elavobacterium strains from fish 
products is not surprising since they have long 
been known to belong to the normal bacterial 
flora of freshwater fish and fish eggs. From their 
phenotypic traits, the Cytophaga-V[kQ strains 
reported from the surface of salmonid eggs (Bell 
et al., 1971; Barker et al., 1989) and gills (Trust, 
1975; Nieto et al., 1984) could actually well 
have been Elavobacterium isolates. Unidentified 
Elavobacterium strains were also reported from 
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egg, skin, gill, and intestine samples (Trust, 1975; 
Barker et al., 1989; Nedoluha and Westhoff, 
1997; Al-Harbi and Uddin, 2003; Miguez and 
Combarro, 2003; Mahmoud et al, 2004), as well 
as from the rearing pond water and sediment 
(Nedoluha and Westhoff, 1997; Al-Harbi and 
Uddin, 2003) of various fish species, but not 
from the fish diet (Nedoluha and Westhoff, 
1997). Members of the Flavohacterium- 
Cytophaga group represented 9% of all bacteria 
identified by fiuorescent in situ hybridization 
(FISH) in the tank water of an eel intensive 
culture system, and even higher numbers of the 
same organisms occurred in the eel slime 
(Moreno et al, 1999). 

Isolation and Cnltivation 

Being classic aerobic chemoheterotrophs, mem- 
bers of Flavohacterium species can be readily 



cultivated on several commercially available 
organic media. The presence of NaCl and the 
concentration of organic extracts strongly affect 
growth. This is the major reason growth of fresh- 
water species, including the fish pathogens, is 
so poor on media such as marine and nutrient 
agars that contain substantial amounts of NaCl. 
The procedures available for the enrichment, 
isolation, and cultivation of some of the bacterial 
species now encompassed in the genus Flavobac- 
terium were extensively described by Reichen- 
bach (Reichenbach, 1989; Reichenbach, 1992); 
the corresponding information for the Flavobac- 
terium species published since then was included 
in their individual descriptions. The cultivation 
of bacterial genera belonging to the family 
Flavobacteriaceae was reviewed by Jooste and 
Hugo (1999). Media and optimal incubation tem- 
peratures for known Flavobacterium spp. are 
indicated in Table 3. Although they do allow 
limited bacterial growth, some incubation tem- 



Table 3. Media and incubation temperature for routine cultivation of Flavobacterium species. 



Species 


Anacker and 
Ordal’s agar 


Nutrient 

agar 


Trypticase 
soy agar 


Marine 
2216 agar 


Incubation 
temperature (°C) 


Na"^-sensitive fish pathogens'" 


F branchiophilum 




- 


- 


- 


20-25 


F columnare 


+ 


- 


- 


- 


25 


F psychrophilum 




+ 


- 


- 


15-20 


Freshwater and soil species 


F aquatile 


+ 


- 


w 


- 


25 


F fryxellicola 


+ 


+ 


+ 


- 


20 


F granuli 


NT 


+ 


+ 


NT 


25-30 


F hibernum 


+ 


+ 


+ 


- 


20-25 


F hydatis 


+ 


+ 


+ 




25 


F johnsoniae 


+ 


+ 


+ 


- 


25 


F limicola 


+ 


+ 


+ 


- 


20 


F omnivorum 


+ 


+ 


+ 


- 


10-15 


F pectinovorum 


+ 


+ 


+ 


- 


25 


F psychrolimnae 


+ 


+ 


+ 


- 


20 


F saccharophilum 


+ 


+ 


+ 


- 


25 


F succinicans 


+ 


+ 


+ 


- 


25 


F xinjiangense'^ 


+ 


w 




- 


10-25 


''[Cytophaga] allerginae” 


+ 


+ 


NT 


NT 


25 


''[Flexibacter] aurantiacus subsp. excathedrus” 


+ 


+ 


NT 


NT 


25 


''[Promyxobacterium] flavum” 


+ 


+ 


NT 


NT 


30 


“ [Sporocytophaga] cauliformis” 


+ 


+ 


NT 


NT 


25 


Salt tolerant (and most polar) species 


F antarcticum 


+ 


+ 


+ 


+ 


20 


F degerlachei 


+ 


+ 


+ 


+ 


20 


F flevense 


+ 


+ 


+ 


+ 


25 


F frigidarium 


+ 


+ 


+ 


+ 


15-20 


F frigoris 


+ 


- 


+ 


+ 


20 


F gelidilacus 


+ 


+ 


+ 


+ 


20 


F gillisiae 


+ 


+ 


+ 


+ 


15-20 


F micromati 


+ 


+ 


w 


w 


20 


F tegetincola 


+ 


+ 


+ 


+ 


15-20 


F xanthum 


+ 


+ 


+ 


+ 


15-20 



Abbreviations: +, good growth; w, weak or reduced growth; no or scant growth; and NT, not tested. 

Tish-pathogenic species will also grow well on Modified Shieh’s medium (Song et al., 1988a). 

""Flavobacterum psychrophilum strains grow better on Anacker and Ordal’s agar containing an enriched amount of tryptone 
(e.g., 5 g liter“b or on Modified Shieh’s agar. 

"^For the routine cultivation of F xinjiangense, PYG agar or broth can also be used (Zhu et al., 2003). 
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peratures and media in this table are not recom- 
mended for routine cultivation of some species. 

All species can be grown conveniently on agar 
media although F. columnare strains tend to 
adhere strongly to the agar surface (see the sec- 
tion Identification in this Chapter). Many species 
can grow on rich media such as nutrient broth 
and agar and trypticase soy broth and agar 
(TSA); most of them can also be readily grown 
on media containing a lower concentration of 
nutrients such as R2A and other media typically 
used for growing freshwater bacterial chemohet- 
erotrophic species. Flavohacterium omnivorum 
and F xinjiangense grow well on rich glucose- 
containing media such as peptone-yeast 
extract-glucose (PYG; Zhu et al., 2003); this is 
presumably also true for other Flavohacterium 
species, although glucose does not improve the 
growth of F columnare (Song et al., 1988b). 
Modified Shiehs (Song et al., 1988b) or Anacker 
and Ordal’s media (Anacker and Ordal, 1955), 
with incubation at 20°C, can be used for general 
cultivation, as almost all Flavohacterium species 
should grow well under these conditions. Nutri- 
ent, trypticase soy. Marine 2216, and R2A broth 
and agar media are commercially available. The 
formulae for some of the other media mentioned 
are detailed at the end of this section. 

Flavohacterium are best isolated directly from 
source material (water, mud, soil, fish tissue, etc.) 
onto agar media. Selective culturing techniques 
generally have not been developed for the 
majority of Flavohacterium species, except for 
the fish pathogens (see below). The distinctive 
yellow pigmentation and shiny, slightly mucoid 
appearance of the colonies of most Flavohacte- 
rium species provide a direct means for selection 
of putative Flavohacterium strains. Further iden- 
tification relies then on phenotypic characteris- 
tics and 16S rRNA gene sequencing (see the 
section Identification in this Chapter). 

The isolation procedure used can take advan- 
tage of the fact that most Flavohacterium spe- 
cies are adapted to cool to cold ecosystems: 
incubation temperature thus can be set to 4- 
20°C. Indeed, the isolation of Flavohacterium 
species from permanently cold ecosystems such 
as sea-ice, glacial seawater, and polar lake sam- 
ples can be enhanced by a pre-enrichment step 
at a low temperature, typically 2-4°C for 1-2 
days in a suitable medium. This boosts the pop- 
ulations of heterotrophic psychrophilic species, 
which respond rapidly to high levels of organic 
nutrients. The pre-enrichment culture is then 
spread-plated onto the corresponding agar 
medium. This process was used for the isolation 
of F gillisiae and F tegetincola from Antarctic 
ice and water samples using Marine 2216 agar 
(McCammon and Bowman, 2000), for the isola- 
tion of F xinjiangense and F omnivorum from 



glacial entrained soil using PYG medium (Zhu 
et al., 2003), and for the isolation of several spe- 
cies from Antarctic lake algal mat material using 
TSA and R2A (Van Trappen et al., 2002). 

Some Flavohacterium species can be isolated 
on media containing a specific substrate, such as 
chi tin or pectin (Reichenbach, 1989). Flavohac- 
terium frigidarium can be enriched from marine 
sediments in a liquid xylan-containing mineral 
salts medium; after several weeks enrichment at 
4°C, the species can be isolated and purified 
using the same medium solidified with agar 
(Humphry et al., 2001). 

Understandably, the fish-pathogenic Fla- 
vohacterium species (see the sections Habitat 
and Ecology and Pathogenicity and Epidemiol- 
ogy in this Chapter) have received considerable 
attention to develop appropriate isolation media 
(Holt et al., 1993; Turnbull, 1993; Wakabayashi, 
1993; Austin and Austin, 1999). After the 
Anacker and Ordal’s medium (frequently called 
“cytophaga medium” in the fish pathology liter- 
ature) was first proposed for the cultivation of F 
columnare (Anacker and Ordal, 1955), several 
other media were evaluated for improved bacte- 
rial growth, including the Shieh’s medium, both 
in its original formula (Shieh, 1980) and in a 
modified, more simple formula (Song et al., 
1988b), and the tryptone-yeast extract-salts 
medium (TYES; Holt, 1988; Holt et al., 1993). 
Flavohacterium columnare is usually isolated 
from superficial lesions in diseased fish (see the 
section Pathogenicity and Epidemiology in this 
Chapter) in which many other bacteria also pro- 
liferate (Hawke and Thune, 1992; Tiirola et al., 
2002). To prevent the overgrowth of the patho- 
gen by saprophytic bacteria and their antagonis- 
tic effect (Chowdhury and Wakabayashi, 1989; 
Tiirola et al., 2002), selective media were devised 
on the basis of the resistance of F columnare to 
neomycin, polymyxin B and tobramycin (Fijan, 
1969; Bullock et al., 1986; Griffin, 1992; Hawke 
and Thune, 1992; Decostere et al., 1997) and on 
its ability to degrade gelatin (Bullock et al., 1986; 
Griffin, 1992). One such formula (Selective Flex- 
ibacter Medium; Bullock et al., 1986) is given 
below. Serial dilution of infected samples has 
also been advocated to favor the isolation of fish- 
pathogenic Flavohacterium species (Tiirola et al., 
2002). No growth of F columnare was reported 
on TSA, nutrient agar or Marine 2216 media. All 
F columnare strains are able to grow at 18, 25 
and 30°C; some of them may also grow at 15 or 
37° C, depending on the temperature of the envi- 
ronment they were isolated from (Decostere et 
al., 1998; Triyanto and Wakabayashi, 1999). 

Many formulae have also been proposed for 
the growth of F psychrophilum (Holt et al., 1993; 
Madetoja and Wiklund, 2002; Nematollahi et al., 
2003b; Cepeda et al., 2004). Anacker and Ordal’s 
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medium has been widely used. To improve the 
growth of E psychrophilum, several modifica- 
tions of the original formula have been pro- 
posed, such as increasing the tryptone content to 
2 g liter“^ (Wakabayashi and Egusa, 1974) or 5 
g liter“^ (Bernardet and Kerouault, 1989; Crump 
et al, 2001) or adding 10% fetal bovine serum 
(Obach and Baudin-Laurencin, 1991; Brown et 
al, 1997) or 3% fish blood (Crump et al, 2001). 
Daskalov et al. (1999) also reported improved 
growth, gliding motility, and pigmentation of F. 
psychrophilum when grown in Anacker and 
Ordal’s agar and broth supplemented with 
skimmed milk and 0.5 g liter^^ each of D(-h) 
galactose, D(-h) glusose, and L-rhamnose. The 
Shieh’s medium (Shieh, 1980; Holt et al., 1993), 
the tryptone -yeast extract-salts medium (TYES; 
Holt et al., 1993; Crump et al., 2001), and the 
nutrient agar and broth (Secades et al., 2001; 
Secades et al., 2003) also give good growth. 
Although the growth of R psychrophilum on 
TSA was sometimes reported, most authors 
agree that no or only negligible growth occurs on 
this medium. The isolation of R psychrophilum 
from blisters or internal organs usually results in 
the growth of pure cultures; but a tobramycin- 
containing medium has been proposed to pre- 
vent the overgrowth of R psychrophilum by 
other bacteria when external lesions are sampled 
(Kumagai et al., 2004). This organism is not par- 
ticularly fastidious, although its growth is inevi- 
tably slower than that of other fish-pathogenic 
Flavohacterium species owing to its lower range 
of temperature tolerance. Flavohacterium psy- 
chrophilum grows at temperatures between 4 
and 23°C; most strains do not grow or grow very 
weakly at 25°C (Bernardet and Kerouault, 1989; 
Holt et al., 1989; Brown et al., 1997; Uddin and 
Wakabayashi, 1997), although growth at 25°C 
was reported for some strains (Ostland et al., 
1997; Madetoja et al., 2001). Optimum growth 
occurs at 15 (Holt et al., 1989) to 20°C (Uddin 
and Wakabayashi, 1997). One of the main rea- 
sons for trying to improve the yield of R psychro- 
philum in culture was to obtain large masses of 
bacteria that could be used for preparing a 
vaccine against the severe salmonid diseases it 
is responsible for worldwide (see the section 
Pathogenicity and Epidemiology in this Chap- 
ter). Recently, Crump et al. (2001) achieved 
large-scale production of R psychrophilum in a 
35 -liter fermenter containing 28 liters of TYES 
broth supplemented with 1% maltose and 0.02% 
sodium acetate with stirring and aeration. Sup- 
plementation of TYES with 0.5 g U glucose also 
enhanced the growth of R psychrophilum, result- 
ing in improved recovery of the bacterium from 
stored cultures and infected fish and in increased 
production of biomass in liquid culture (Cepeda 
et al., 2004). Standard procedures for such 



investigations of R psychrophilum as experi- 
mental infection, antimicrobial susceptibility 
testing, and virulence studies require the use of 
accurate numbers of viable bacteria. Improve- 
ments in the growth media and careful handling 
of the bacteria in isotonic suspension media 
resulted in predictable production of viable R 
psychrophilum cells and allowed an absorbance/ 
colony-forming-units relation curve to be estab- 
lished (Michel et al., 1999). However, as stated 
by Faruk (2000): “It should be noted that the 
growth of each R psychrophilum isolate dif- 
fered considerably. Ideally, a growth curve 
should have been prepared for each isolate to 
examine individual life cycles of the isolates.” R 
psychrophilum may enter a “viable but non- 
cultivable” state (Michel et al., 1999; Madetoja 
and Wiklund, 2002; Vatsos et al., 2002). 

Strains of R johnsoniae (originally isolated 
from soil samples on chitin-containing media; 
Stanier, 1947; Reichenbach, 1989) and R hydatis 
grow well on media with rather low-nutrient con- 
tent such as Anacker and Ordal’s and modified 
Shieh’s, as well as on more nutrient-rich nutrient 
media and TSA, on which they produce flat, 
translucent, spreading, pale yellow colonies with 
filamentous to rhizoid margins or raised to con- 
vex, round to undulate, opaque, bright yellow 
colonies with entire to irregular margins, respec- 
tively (Strohl and Tait, 1978; Reichenbach, 1989; 
J.-F. Bernardet, unpublished data). Hence, these 
media are currently used for the isolation of R 
johnsoniae strains from fish (Carson et al., 1993), 
as well as for the growth of the numerous R 
Johns oniae-like and R hydatis-like strains also 
isolated from fish (J.-F. Bernardet, unpublished 
data; see the section Pathogenicity and Epidemi- 
ology in this Chapter). However, as for R colum- 
nare, these organisms occur in external lesions 
and their recovery may be hampered by the pres- 
ence of numerous saprophytic bacteria. Given 
the very limited impact of these organisms in fish 
pathology, no selective medium was devised. 
Incubation temperatures of 20-30°C are conve- 
nient for routine cultivation. 

Flavohacterium hranchiophilum is the most 
fastidious of all fish-pathogenic Flavohacterium 
species (Heo et al., 1990; Turnbull, 1993; Ko and 
Heo, 1997; see the section Pathogenicity and 
Epidemiology in this Chapter). Growth on 
Anacker and Ordal’s agar is slow, with colonies 
appearing only after 2-5 days of incubation at 
18°C. Colonies are light yellow, translucent, non- 
spreading, circular with regular edges; the latter 
characteristic is due the absence of gliding motil- 
ity in R hranchiophilum (Wakabayashi et al., 
1989; Ostland et al., 1994). Growth periods of up 
to seven days were used for some studies, and the 
enrichment of the medium with serum, gelatin or 
starch was suggested (Ko and Heo, 1997). For 
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primary isolation from gill samples, Ostland et al. 
(1994) plated serial 10-fold dilutions of gill tissue 
on Anacker and Ordal’s agar and incubated 
the plates at 12 or 18°C for 6-12 days. The 
growth of several R branchiophilum strains was 
compared on different media: no growth 
occurred on TSA, nutrient agar, and Mueller 
Hinton; only limited growth occurred on 
Anacker and Ordal’s agar enriched to 5 g liter“^ 
of tryptone; growth was distinctly better on orig- 
inal Anacker and Ordal’s agar, modified Shieh’s 
agar, Microcyclus-Spirosoma agar (medium no. 
81 of the National Collections of Industrial, Food 
and Marine Bacteria [NCIMB] catalogue of 
strains), and Medium for Freshwater Flexibacte- 
ria (NCIMB medium no. 218; Lewin, 1969); and 
the best growth was achieved on casitone yeast 
extract agar (NCIMB medium no. 101; J.-F. 
Bernardet, unpublished data). Different temper- 
atures were also compared, and the 20-25°C 
range was found convenient (J.-F. Bernardet, 
unpublished data). 

The four invalid taxa which belong to 
the genus Flavohacterium, i.e., ‘'[Cytophaga] 
allerginae'' “[Flexibacter] aurantiacus subsp. 
excathedrus'' ''[Promyxobacterium] flavunF and 
‘‘[Sporocytophaga] cauliformis,'' all grow well on 
nutrient, Anacker and Ordal’s, and modified 
Shieh’s media at 25°C; growth on TSA was not 
tested (Reichenbach, 1989; J.-F. Bernardet, 
unpublished data). 

Anacker and OrdaPs Medium (Anacker and Ordal, 



1955) 

Tryptone (or pancreatic digest of casein) 0.5 g 

Yeast extract 0.5 g 

Beef extract 0.2 g 

Sodium acetate 0.2 g 

Agar (optional) 10 g 

Distilled water 1000 ml 



Adjust pH to 7.2-7 A and autoclave 15-20 min at 121 °C. 

The original recipe, used to grow F columnare 
in agar deeps, included 0.4% agar only; in their 
1959 publication, the same authors raised the 
agar concentration to 0.9% for streaking mate- 
rial from lesions of fish (Anacker and Ordal, 
1959). However, an agar concentration of 1- 
1.5% is recommended for more comfortable 
streaking (Wakabayashi and Egusa, 1974; 
Bernardet, 1989a; Michel et al., 1999). A selec- 
tive medium for the isolation of F columnare was 
obtained by adding neomycin (5 jdgml“^) and 
polymyxin B (200 IU ml“^) to this medium 
(Hawke and Tliune, 1992), while tobramycin 
(5 |dg ml“^) was added to modified Anacker and 
Ordal’s medium for the selective isolation of F 
psychrophilum (Kumagai et al., 2004). The brand 
of beef extract used was shown to infiuence the 
growth of F psychrophilum (Lorenzen, 1993). 



Modified Shieh’s Medium (Song et al., 1988b) 



Yeast extract 0.5 g 

Peptone 5 g 

Sodium acetate 10 mg 

BaCfi ' H2O 10 mg 

K2HPO4 0.1 g 

KH2PO4 50 mg 

MgS04 • 7H2O 0.3 g 

CaCl2 • 2H2O 6.7 mg 

FeS04 • 7H2O 1.0 mg 

NaHCOs 50 mg 

Distilled water 1000 ml 
Agar (optional) 15 g 



Autoclave 15-20 min at 121 °C. 

The original Shieh’s recipe (Shieh, 1980) was 
modified by omitting the glucose, pyruvate and 
citrate following the demonstration that these 
components did not improve the growth of F 
columnare. Decostere et al. (1997) devised a 
selective medium for the isolation of F colum- 
nare by adding 1 pg mT^ of tobramycin to this 
medium. 

Peptone- Yeast Extract-Glucose (PYG; Zhu et al., 



2003) 

Polypeptone 5 g 

Tryptone 5 g 

Yeast extract 10 g 

Salt solution 40 ml 

Agar (optional) 15-20 g 

Distilled water 910 ml 

Salt Solution 
CaCfi 0.2 g 

MgS04 • 7H2O 0.4 g 

K2HPO4 1.0 g 

KH2PO4 1.0 g 

NaHCOs 10 g 

NaCl 2.0 g 

Distilled water 1000 ml 



Adjust pH to 7.2 and autoclave 15-20 min at 121 °C. Add 
50 ml of 20% (w/v) D -glucose filter-sterilized stock solu- 
tion to each 1 liter of medium following autoclaving. 

Selective Flexibacter Medium (Bullock et al., 1986) 



Tryptone 2.0 g 

Yeast extract 0.5 g 

Gelatin 3.0 g 

Agar 15 g 

Distilled water 1000 ml 



Autoclave 15-20 min at 121 °C; when cooled to 45°C, add 
filter-sterilized neomycin sulfate (0.004 g). 

Tryptone Yeast Extract Salts (TYES; Holt, 1988) 



Tryptone 


4.0 g 


Yeast extract 


0.4 g 


MgS04 • 7 H 2 O 


0.5 g 


CaCl2 • 2H2O 


0.5 g 


Distilled water 


1000 ml 


Adjust pH to 7.2 


and autoclave 15-20 min at 121°C. 
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Identification 

Characteristics which differentiate members of 
the genus Flavobacterium from members of 
other genera in the family Flavobacteriaceae are 
listed in Table 2 of the chapter An Introduction 
to the Family Flavobacteriaceae in this Volume; 
those characteristics that differ among species in 
the genus Flavobacterium are listed in Table 4 
below; see also the section Physiology. 

The following description of the genus 
Flavobacterium is cited from Bernardet et al, 
1996: 

Emended description of the genus Flavobacterium Bergey, 
Harrison, Breed, Hammer, and Huntoon 1923. Cells are 
rods with parallel or slightly irregular sides and rounded or 
slightly tapered ends and usually are 2 to 5 pm long and 0.3 
to 0.5 pm wide. Under certain growth conditions, some 
species may also produce shorter (1-pm) or longer (10- to 
40-pm) filamentous cells. The longer rods are flexible. Motile 
by gliding (this characteristic has not been observed in 
Flavobacterium branchiophilum). Flagella are absent. Gram 
negative. Resting stages are not known. Intracellular gran- 
ules of poly-(3-hydroxybutyrate are absent. Colonies are 
circular, convex or low convex, and shiny with entire or 
wavy edges (sometimes sunken into the agar) on solid 
media containing high levels of nutrients. On solid media 
containing low levels of nutrients most species also produce 
flat or very thin, spreading, sometimes very adherent 
swarms with uneven, rhizoid, or filamentous margins. Colo- 
nies are typically yellow (they vary from cream to bright 
orange) because of nondiffusible carotenoid or flexirubin 
types of pigments or both, but nonpigmented strains do 
occur. Most species do not grow on seawater-containing 
media; an exception to this is Flavobacterium flevense. Most 
species are able to grow on nutrient agar and on Trypticase 
soy agar. Chemoorganotrophic. Aerobic with a respiratory 
type of metabolism. When certain growth factors are pro- 
vided, Flavobacterium hydatis and Flavobacterium succini- 
cans also grow anaerobically (Anderson and Ordal, 1961; 
Chase, 1965; Reichenbach, 1989; Strohl and Tait, 1978). 
Peptones are used as nitrogen sources, and NH3 is released 
from peptones; growth occurs on peptone alone. Acid is 
produced from carbohydrates by all species except Fla- 
vobacterium columnare and F psychrophilum. All species 
except Flavobacterium pectinovorum decompose gelatin and 
casein, and several species also hydrolyze various polysac- 
charides, including starch, chitin, pectin, and carboxymethyl 
cellulose. Flavobacterium pectinovorum and Flavobacterium 
saccharophilum are also agarolytic. Cellulose is never 
decomposed. Tributyrin and Tween compounds are decom- 
posed. Indole is not produced. Catalase is produced. 
Cytochrome oxidase is produced by all species except Fla- 
vobacterium saccharophilum. 

Menaquinone 6 is the only respiratory quinone. The pre- 
dominant fatty acids are 15:0, 15:0 iso, 15:1 iso G, 15:0 iso 
30H, summed feature 4 (15:0 iso 20H, 16:1 co7c, or 16:1 co7t 
or any combination of these fatty acids), 16:0 iso 30H, 17:1 
iso co9c, and 17:0 iso 30H. Sphingophospholipids are absent. 
Homospermidine is the major polyamine in all 10 Flavobac- 
terium species; all species except Flavobacterium branchio- 
philum and Flavobacterium saccharophilum also contain 
putrescine as a minor component (Hamana and Matsuzaki, 
1990; Hamana and Matsuzaki, 1991; Hamana et al., 1995). 



Spermidine and spermine are also minor components in Fla- 
vobacterium branchiophilum, while Flavobacterium johnso- 
niae is the only member of the genus that contains minor 
amounts of agmatine and 2-hydroxyputrescine (Hamana et 
al., 1995). The optimum temperature range for most species 
is 20 to 30°C; the optimum temperature range for F psychro- 
philum is 15 to 18°C. 

These organisms are widely distributed in soil and 
freshwater habitats, where they decompose organic matter. 
Several species are pathogenic for freshwater fish {Flavobac- 
terium branchiophilum, Flavobacterium columnare, F psy- 
chrophilum) or occasionally are isolated from diseased 
freshwater fish {Flavobacterium hydatis, Flavobacterium 
johnsoniae, Flavobacterium succinicans). The G-i-C contents 
of the DNAs are 32 to 37 mol%.The type species is Flavobac- 
terium aquatile (Frankland and Frankland, 1889) Bergey, 
Harrison, Breed, Hammer, and Huntoon 1923. 

The publication of sixteen additional Fla- 
vobacterium species since 1996 did not challenge 
the core of this emended description. However, 
additional comments are necessary on some of 
the characteristics included; these comments are 
cited below in the order of the above comments. 

In some Flavobacterium species, spherical 
degenerative forms usually considered nonvia- 
ble, often referred to as “spheroplasts,” appear in 
aging liquid cultures (Reichenbach, 1989); they 
were long mistaken for microcysts (Ordal and 
Rucker, 1944; Pacha and Ordal, 1970; Bullock et 
al., 1971; Farkas, 1985; Fig. 2). They have been 
noticed in F columnare (Garnjobst, 1945; Song 
et al., 1988a, 1988b; Tiirola et al., 2002; J.-F. 
Bernardet, unpublished data), F succinicans 
(Anderson and Ordal, 1961), F psychrophilum 
(J.-F. Bernardet, unpublished data), F johnso- 
niae (Stanier, 1947; Liao and Wells, 1986) and F 
branchiophilum (Ostland et al., 1994). 

Few electron microscopy studies have been 
performed on members of the genus Flavobacte- 
rium. Reichenbach (1989) reviewed the early 




Fig. 2. Spheropiasts of F columnare. Sphericaf degenerative 
forms called “spheropiasts” appeared as soon as 24 h in this 
shaken Anacker and Ordal’s broth culture incubated at room 
temperature (phase-contrast microscopy, xlOOO). 



Table 4. Differentiating characteristics among the valid species in the genus Flavobacterium. 
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Symbols: +, all strains positive; all strains negative, (+) weak or delayed positive response; v, variable among strains; V, variable among references; and ND, no data 
available. 

““There seemed to be absorption of Congo red by the colonies” (Humphry et al., 2001). 

'’Diffusion method, 500-mg disks. 

‘’The values cited in parentheses are those determined by Bernardet et al. (1996) when different from previously published values. 

From Anderson and Ordal (1961); van der Meulen et al. (1974); Christensen (1977); Strohl and Tait (1978); Agbo and Moss (1979); Oyaizu and Komagata (1981); 
Holmes et al. (1984); Bernardet (1989); Bernardet and Grimont (1989); Reichenbach (1989); Wakabayashi et al. (1989); Carson et al. (1993); Bernardet et al. (1996); 
McCammon et al. (1998); McCammon and Bowman (2000); Humphry et al. (2001); Tamaki et al. (2003); Van Trappen et al. (2003a,b); Zhu et al. (2003); Aslam et al., 
2005; Van Trappen et al., 2005; Yi et al., 2005 and J.-F. Bernardet, unpublished data. 
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studies, and some of the recently described 
species, namely R hranchiophilum (Wakabayashi 
et al, 1989; Ostland et al., 1994; Ko and Heo, 
1997), R frigidarium (Humphry et al, 2001), R 
limicola (Tamaki et al., 2003) and R xinjiangense 
and R omnivorum (Zhu et al, 2003), were also 
investigated using transmission electron micros- 
copy. These studies revealed a structure of the 
cell wall typical of Gram-negative bacteria. Rla- 
vobacterium hranchiophilum and R frigidarium 
exhibit fimbria-like structures (Heo et al., 1990; 
Humphry et al., 2001). Nonflagellar appendages 
were also found in R aquatile; nonfunctional 
pseudoflagellar structures were noticed in the 
same species, but this was not confirmed by fur- 
ther investigations (see Holmes et al. [1984] and 
references therein). A capsule was evidenced in 
R columnare and R frigidarium using electron 
microscopy and biochemical studies (Decostere 
et al., 1999; Humphry et al., 2001; MacLean et 
al., 2003); conventional microscopy also showed 
R hihernum cells have a thick capsule when 
grown at 4°C (McCammon et al., 1998). Most of 
the newly described Rlavobacterium species 
do not exhibit gliding motility; in R gelidilacus, 
gliding motility is a strain-dependent character- 
istic (Van Trappen et al., 2003a). In this species 
and in R hihernum, gliding only occurs on nutri- 
ent-poor media (McCammon et al., 1998; Van 
Trappen et al., 2003), which is consistent with 
previous reports on other Rlavobacterium spe- 
cies (Reichenbach, 1989; Bernardet et al., 1996; 
Bernardet et al., 2002). R psychrophilum is con- 
sidered a poor glider, although gliding motility 
was indeed observed on some strains (Schmidtke 
and Carson, 1995; Lumsden et al., 1996; Ostland 
et al., 1997; Lee and Heo, 1998; Madetoja 
et al., 2001); however, R psychrophilum usually 
exhibits only a slow and weak gliding motility 
compared to other gliding Rlavobacterium 
species (Bernardet and Kerouault, 1989; 
Cipriano et al., 1995; lida and Mizokami, 1996). 
Rlavobacterium pectinovorum was the only 
species able to grow on marine media among the 
ten Rlavobacterium species known in 1996. 
Except R antarcticum, the Rlavobacterium spe- 
cies which were isolated from soil or freshwater, 
i.e. R hihernum, R limicola, R omnivorum, R 
xinjiangense, R granuli, R fryxellicola and R psy- 
chrolimnae, cannot grow on marine media. All 
other newly described Rlavobacterium species 
(i.e., R degerlachei, R frigidarium, R frigoris, R 
gelidilacus, R gillisiae, R micromati, R tegetincola 
and R xanthum) were retrieved from marine or 
saline environments and are consequently able 
to grow on marine media (McCammon et al., 
1998; McCammon and Bowman, 2000; Humphry 
et al., 2001; Tamaki et al., 2003; Van Trappen et 
al., 2003a; Van Trappen et al., 2003b; Zhu et al., 
2003; Aslam et al., 2005). However, since most 
of them do not require NaCl for growth, they 



were described as merely halotolerant, not halo- 
philic organisms. The range of NaCl concentra- 
tions they tolerate varies widely among species; 
in the case of R frigidarium, it also varies with 
the composition of the growth medium used 
(Humphry et al., 2001). NaCl inhibits the growth 
of R limicola, although it may tolerate up to 
1.5% NaCl (Tamaki et al., 2003). Although dif- 
ferent terms are sometimes used (e.g., chemohet- 
erotroph [McCammon and Bowman, 2000; 
Tamaki et al., 2003] and heteroorganotrophic 
[Zhu et al., 2003]), all Rlavobacterium species 
described since 1996 are chemoorganotrophic 
and strictly aerobic. Rlavobacterium hranchio- 
philum was confirmed as an obligate aerobe 
(Ostland et al., 1994) rather than a facultative 
anaerobe as previously reported (Ferguson et 
al., 1991). No growth factors are necessary; 
however, growth may be stimulated by various 
mineral or biological compounds, e.g., vitamins 
for R gillisiae (McCammon and Bowman, 2000), 
yeast extract for R limicola (Tamaki et al., 2003), 
and fetal bovine serum and trace mineral 
elements for R psychrophilum (Michel et al., 
1999). 

In the emended description of the genus Rla- 
vobacterium (Bernardet et al., 1996), indole pro- 
duction was negative and catalase production 
positive for all ten species; this is still the case for 
the sixteen Rlavobacterium species described 
since then. However, the production of catalase 
is weak in some Rlavobacterium species (e.g., R 
psychrophilum', Bernardet and Kerouault, 1989); 
in such cases, the production of oxygen bubbles 
by bacteria flooded with oxygen peroxide should 
be tested on fresh colonies and checked under a 
stereomicroscope (x20). Characteristics that are 
variable between Rlavobacterium species (i.e., 
degradation of various polysaccharides, casein 
and gelatin, production of acid from carbohy- 
drates, and production of cytochrome oxidase) 
are listed in Table 4. Surprisingly, even though 
several among the newly described Rlavobacte- 
rium species originate from marine environ- 
ments, the only new agarolytic species is R 
limicola, isolated from freshwater (Tamaki et al., 
2003). Tween 80 was decomposed by all ten Rla- 
vobacterium species in 1996. Although this char- 
acteristic was not tested for all newly described 
species, R limicola, R omnivorum and R xinjian- 
gense do not decompose this compound (Tamaki 
et al., 2003; Zhu et al., 2003), contrary to R 
antarcticum (Yi et al., 2005). The decomposition 
of tributyrin, a trait for which all ten Rlavobacte- 
rium species gave a positive reaction, was not 
tested in the sixteen new species. Rlavobacterium 
limicola, R johnsoniae and R granuli were 
also shown to be the only urea-hydrolyzing 
Rlavobacterium species among those tested 
(Reichenbach, 1989; Carson et al., 1993; Tamaki 
et al., 2003; Aslam et al., 2005). The overall fatty 
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acid profiles of the Flavobacterium species 
described since 1996 resemble those of the ten 
previously known species, with only slight dis- 
crepancies in the major and minor constituents 
(McCammon et al, 1998; McCammon and 
Bowman, 2000; Humphry et al, 2001; Tamaki et 
al, 2003; Van Trappen et al, 2003a; Van Trappen 
et al, 2003b; Zhu et al, 2003). Only R hibernum 
and R xanthum have been tested for their 
polyamine composition; homospermidine is still 
the only or major poly amine in these two species 
(Hamana and Nakagawa, 2001). The low opti- 
mum temperature range for R psychrophilum, 
which was an exception in the 1996 genus 
description, is now shared by all new species; this 
is not surprising since they were all retrieved 
from cold environments. {Flavobacterium gran- 
uli, isolated from a wastewater treatment plant, 
is an exception; it grows at 37°C and maybe more 
(Aslam et al., 2005). Their optimum temperature 
varies from 11°C for R omnivorum and R xin- 
jiangense (Zhu et al., 2003) to 26°C for R hiber- 
num (McCammon et al., 1998) and is around 15- 
20°C for all other species. The lowest tempera- 
ture for growth is 0°C for R gillisiae, R teget- 
incola, and R limicola (McCammon and 
Bowman, 2000; Tamaki et al., 2003), lower than 
0°C for R frigidarium and R xanthum (McCam- 
mon and Bowman, 2000; Humphry et al., 2001), 
and as low as -7°C for R hibernum (McCammon 
et al., 1998). All R columnar e strains tested are 
able to grow at 18 and 30°C, but only some of 
them grow at 15 or 37°C (Triyanto and Wakaba- 
yashi, 1999); strains of R psychrophilum usually 
grow at 4-23°C (Holt et al., 1989; see the sections 
Isolation and Cultivation and Pathogenicity 
and Epidemiology in this Chapter). Cold and 
polar (as well as marine or saline) environments 
must be added to the temperate soil and fresh- 
water habitats listed in the 1996 description, 
but no other fish-pathogenic Flavobacterium 
species was described. Since the G+C content of 
R gelidilacus is around 30 mol% (Van Trappen 
et al., 2003b), the range of G-hC content for spe- 
cies in the genus Flavobacterium is now 30-37 
mol%. Although slightly lower (29 mol% for 
some R branchiophilum strains; Wakabayashi et 
al., 1989) and higher (38 mol% for R succinicans; 
Anderson and Ordal, 1961) values were 
reported, they have subsequently been re- 
evaluated (Reichenbach, 1989; Bernardet et al., 
1996). 

In the minimal standards proposed for 
describing new genera and species in the family 
Flavobacteriaceae (Bernardet et al., 2002), par- 
ticular methods were suggested to determine 
some of these phenotypic properties since the 
conditions in which the tests are performed 
are critical. These procedures (updated from 
Bernardet et al., 2002) are listed below in the 
order shown in Table 4. 



Colony Morphology and Gliding Motility 

Provided identical growth conditions are used, 
colony morphology may help in differentiating 
between Flavobacterium species (Reichenbach, 
1989; J.-F. Bernardet, unpublished results). 
Characteristics such as iridescent waves (Fig. 
3A) and spreading (Figs. 3B and 3C) to rhizoidal 




Fig. 3. Colonies of F. psychrophilum. Typical yellow, circular, 
convex, nonadherent colonies of F psychrophilum after a 
five-day incubation on Anacker and Ordal’s agar (containing 
0.5% tryptone instead of 0.05%) at 18°C; under the stere- 
omicroscope and oblique transillumination, shiny, iridescent, 
kaleidoscopic waves are clearly visible (A; size of the colo- 
nies is ~l-3 mm). Colonies of another strain, observed under 
the same conditions, exhibit zones of thin bacterial growth 
spreading from otherwise entire edges (B; size of the colonies 
~0.5-1.5 mm). On the same Anacker and Ordal’s agar plate 
(5 days, 18°C), two F psychrophilum strains exhibit very 
different colony types: at the bottom of the photograph, the 
type strain NCIMB 1947^ produced typical circular colonies, 
whereas at the top another strain produced flat spreading 
colonies (C). 
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edges (Figs. 4A to 4F) are best revealed under 
stereomicroscopic examination (x20) through 
oblique transmitted light (Anderson and 
Ordal, 1961; Bernardet, 1989b; Bernardet and 
Kerouault, 1989). Different strains of F. colum- 
nare, F. psychrophilum, F pectinovorum and F 
succinicans may produce different colony types, 
i.e., compact with regular margins or spreading 
with uneven to rhizoid margins (Fig. 3C); some 
strains may even exhibit different colony types 
on the same agar plate (Anderson and Ordal, 
1961; Bernardet, 1989a; Bernardet, 1989b; 
Bernardet and Kerouault, 1989; Schmidtke and 
Carson, 1995; Lee and Heo, 1998). 

Anacker and Ordal’s medium (see the section 
Isolation and Cultivation in this Chapter) is rec- 
ommended to observe the typical spreading or 
swarming colonies exhibited by most gliding 
Flavobacterium species (Holmes et al., 1984; 
Bernardet, 1989a; Bernardet, 1989b; Bernardet 
and Kerouault, 1989; see the section Isolation 
and Cultivation in this Chapter). Under direct 
microscopic examination, their rhizoid or fila- 
mentous margin is composed of numerous bac- 
terial cells, alone or in small groups, slowly 
gliding on the wet surface of the agar and pro- 
gressing towards the periphery (Fig. 4F). Gliding 
may be readily observed; in other cases, the slime 
tracks left on agar by gliding cells are clearly 
visible (Burchard, 1981; Reichenbach, 1992; 
J.-F. Bernardet, unpublished data; Fig. 4G). The 
cells are able to glide either as single cells or as 
groups of cells. In this sense, their behavior is 
strikingly similar to the “A” (adventurous) and 
“S” (social) motility of Myxoccoccus xanthus, 
referred to in the chapter on The Myxobacteria 
in this Volume. 

Information on gliding motility, methods 
available to observe it in liquid and solid cul- 
tures, and the relationship among gliding, pro- 
duction of slime, and adherence are given in 
Bernardet et al. (2002) and in the chapter An 
Introduction to the Family Flavobacteriaceae in 
this Volume. 

Adherence of colonies to the agar is also a 
useful feature; it can be determined by trying to 
collect colonies on agar plates with a loop. Col- 
onies of F pectinovorum merely exhibit a sticky 
or mucoid consistency, while separating colonies 
from agar can be nearly impossible in some 
Flavobacterium columnar e strains (Garnjobst, 
1945); adherence of this pathogen to fish tissue 
is considered an important virulence factor (see 
the section Pathogenicity and Epidemiology in 
this Chapter). However, adherence may be lost 
after several subcultures: the National Collec- 
tions of Industrial, Food, and Marine Bacteria 
(NCIMB, Aberdeen, Scotland) replaced its cul- 
ture of the F columnare type strain (NCMB 
1038^) by an adherent subculture (NCIMB 



2248^) after the original one lost its typical 
adherence. Adherence is also exhibited by F 
columnare cells in still or slowly agitated liquid 
cultures: yellow filamentous clumps or tufts of 
bacterial cells adhere at the surface of the glass 
fiask, forming a thick ring at the upper level of 
the liquid medium (Fig. 5). When the liquid 
culture is agitated using a magnet, the latter 
may be completely covered by these adherent 
clumps (Garnjobst, 1945; Shamsudin and Plumb, 
1996; Newton et al., 1997; Decostere et al., 1998; 
J.-F. Bernardet, unpublished results). 

Such clumps (as well as the warty center of 
some colonies and the “columns” of bacterial 
cells that appear on infected tissue; see the 
section Pathogenicity and Epidemiology in this 
Chapter) were already noticed in early studies 
and mistaken for fruiting bodies. This confusion, 
together with that of the spheroplasts for micro- 
cysts, led early authors to assign F columnare to 
the myxobacteria, and hence the long used epi- 
thet ‘‘[Chondrococcus] columnaris'' (Ordal and 
Rucker, 1944; Pacha and Ordal, 1970; Bullock et 
al., 1971). Conversely, Garnjobst correctly iden- 
tified the spheroplasts and, since she did not 
observe fruiting bodies, she ascribed this organ- 
ism to the genus Cytophaga, which was indeed 
much closer to the currently accepted taxonomic 
affiliation (Garnjobst, 1945). 



Adsorption of Congo Red 

Congo red adsorption is tested by directly flood- 
ing some colonies on the agar with a few drops 
of a 0.01% aqueous solution of the dye; after 
about two min, the dye is gently rinsed with 
water and the color of these colonies compared 
to that of control colonies not covered with the 
dye (Fig. 6). In the case of Flavobacterium 
columnare, the Congo red-staining material has 
been shown to be an extracellular galactosamine 
glycan in the slime (Johnson and Chilton, 1966). 

Congo red may also be included in the agar; 
F columnare colonies growing on this medium 
are red (P. Koski, personal communication). 
However, when F psychrophilum was tested on 
a Congo red-containing agar, bacterial growth 
was strongly inhibited by the dye (Crump et al., 
2001). Among the tested Flavobacterium species 
described since 1996, only colonies of F limicola 
and F frigidarium were shown to adsorb Congo 
red (Humphry et al., 2001; Tamaki et al., 2003). 
For the latter species, this trait was actually not 
definitely demonstrated since the authors care- 
fully stated that “There seemed to be absorp- 
tion of Congo red by colonies . . .”; in the same 
study, Congo red was also used to reveal the 
xylanase activity of the isolate (Humphry et al., 
2001 ). 




Fig. 4. Colonies of F. columnare. Grown on Anacker and Ordal’s agar at 22°C for three days, a E columnare strain produced 
typical pale yellow, flat, dry, rhizoid and adherent colonies (A; held of the view: approx. 5x3 cm). The rhizoid aspect of the 
edges is better seen under the stereomicroscope and oblique transmitted illumination: B and C, moderately rhizoid colonies, 
and D and E, very rhizoid colonies (size of the colonies: approx. 5 mm). Phase-contrast microscopy reveals groups of parallel 
bacterial cells spreading from the edge of a colony of the E columnare type strain, NCIMB 2248^ (F; held of the view: approx. 
0.2 X 0.14 mm). When growth and optical conditions are favorable, the observation of the edge of a F columnare colony on 
Anacker and Ordal’s agar under phase-contrast microscopy (x40) may reveal the slime tracks left by groups of bacterial cells 
gliding at the surface of the agar (G). 
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Fig. 5. Adherence of F. columnare. A F. columnar e strain was 
cultivated for three days at 25°C in 1 liter of Anacker and 
Ordal’s broth (enriched to 0.5% tryptone instead of 0.05%) 
with gentle orbital shaking. Numerous filamentous clumps of 
bacteria adhered to the glass, forming a ring at the top edge 
of the broth surface (A) and carpeting the walls of the flask 
(B shows the bottom of the tilted flask). 



Determination of Pigment 

Information on the different types of pigment 
produced by members of the family Flavobacte- 
riaceae and on methods to identify these pig- 
ments is given in Bernardet et al. (2002). Briefly, 
an easy although not absolutely specific method 
to demonstrate the production of fiexirubin type 
pigments is to flood a mass of bacterial cells col- 
lected on agar with 20% KOH and to compare 
the resulting color with that of a control mass 
that has not been fiooded with KOH. When the 
yellow color of the strain is caused by fiexirubin 
type of pigments, the mass immediately turns 
dark red, purple or brown (Reichenbach, 1989; 
Fig. 7). When the yellow color is presumably 
caused by carotenoid type of pigments, no color 
change develops. 

Several other KOH techniques were pro- 
posed. For example, KOH may be directly 
poured over colonies on an agar plate (e.g.. 
Crump et al., 2001). However, the resulting 
color-shift may pass unnoticed on a thin layer of 
bacteria (Cipriano et al., 1996); this was probably 
why R psychrophilum was first considered 




Fig. 6. Congo red test. The color of rhizoid F columnare 
colonies was checked after flooding the colony on the right 
hand side with an aqueous 0.01% Congo red solution and 
gentle rinsing using distilled water: the colony has adsorbed 
the red dye, demonstrating the presence of a galactosamine 
glycan component in the bacterial slime (held of the view: 
approx. 5x3 cm). 



devoid of fiexirubin type pigments by some 
authors (e.g.. Holt, 1988). Alternatively, a loopful 
of bacterial cells may be streaked onto filter 
paper soaked in IN NaOH (Brown et al., 1997). 
A “string test” was also proposed (Cipriano 
et al., 1996). Finally, the KOH test may be per- 
formed after methanol/chloroform extraction of 
the pigments from the pellet of a liquid culture 
(Maeda et al., 1998). The genus Flavohacterium 
includes carotenoid-producing and fiexirubin- 
producing species, as well as species that produce 
both types of pigments (Reichenbach, 1989; 
Bernardet et al., 1996). The more frequent asso- 
ciation of carotenoid pigments with marine 
species and fiexirubin pigments with freshwater 
or soil organisms (Reichenbach, 1989) is not 
especially clear for members of the genus 
Flavohacterium: the yellow color of F frigidar- 
ium and F gillisiae, the only species originating 
from marine environments, is indeed caused by 
carotenoid pigments, but several other Flavobac- 
terium species produce this type of pigment even 
though they occur in nonmarine environments 
(Table 4). 

Degradation of Cellulose and 
Cellulose Derivatives 

Some species in the family Flavobacteriaceae 
degrade soluble cellulose derivatives such as 
carboxymethylcellulose or hydroxyethylcellu- 
lose but, since enzymes other than cellulases can 
degrade these compounds, this does not demon- 
strate that these species are cellulolytic. The 
decomposition of crystalline cellulose (i.e., filter 
paper) requires the production of a specific cel- 
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Fig. 7. KOH test for the detection 
of flexirubin type pigments. After 
two masses of bacterial cells of 
Flavo bacterium columnare, F 
psychrophilum and Tenacibaculum 
maritimum were deposited on a 
glass slide, those on the right hand 
side were flooded with a drop of 
20% KOH. The immediate color 
shift from yellow to brownish pink 
of the two Flavobacterium strains 
revealed the presence of flexi- 
rubin type pigments, whereas the 
unchanged cream color of the 
Tenacibaculum strain suggested 
that it is rather due to carotenoid 
type pigments. 




Flavobacterium columnare NCI MB 2248T 

m S 

Fla VO bacterium psychrophilum N C I M B 1 947T 



Tenacibaculum maritimum N C I M B 2 1 54T 



lulase, and hence only strains able to degrade 
filter paper should be regarded as cellulose 
degraders (Reichenbach, 1989). The ten Fla- 
vobacterium species known in 1996 were consid- 
ered unable to degrade crystalline cellulose and 
this inability has subsequently been confirmed in 
members of the recently described Flavohacte- 
rium species (J. R Bowman, unpublished results). 
Hence, this characteristic distinguishes members 
of the genus Flavobacterium from those of the 
genus Cytophaga, now restricted to cellulolytic 
organisms (Nakagawa and Yamasato, 1996). Two 
recent publications may challenge this clear-cut 
distinction. The degradation of cellulosic plant 
fibers by a number of soil organisms was 
investigated, and nine cellulolytic isolates were 
assigned to F johnsoniae (Lednicka et al., 2002). 
However, these strains were exclusively identi- 
fied through fatty acid analysis, a technique that 
is considered to provide taxonomic information 
mainly at the generic level in the family 
Flavobacteriaceae (Bernardet et al., 2002). A 
cellulose-degrading bacterial strain isolated from 
freshwater proved capable of killing the cyst 
form of the protozoan parasite Giardia lamblia; 
the determination of the sequence of its 16S 
rRNA showed a close relationship with those 
of several F columnare strains, and the isolate 
shares a number of phenotypic traits with this 
species (Rodgers et al., 2003). Although some 
other traits as well as the GfC content were 
at variance with F columnare, and although a 
high 16S rRNA homology does not guarantee 
conspecificity (Bernardet et al., 2002), it is still 
likely this isolate indeed belongs to the genus 
Flavobacterium or at least to the family 
Flavobacteriaceae. 



Several Flavobacterium species are able to 
degrade various cellulose derivatives, carboxym- 
ethylcellulose (CMC) being the most frequently 
tested (Table 4), for instance, on a 0.5% CMC 
overlay agar (McCammon et al., 1998). Alterna- 
tively, 3% of high viscosity CMC sodium salt may 
be added to any liquid medium with a rather 
low nutrient content (e.g., Anacker and Ordal’s 
medium; see the section Isolation and Cultiva- 
tion in this Chapter); the medium is homoge- 
nized by vigorous shaking, distributed in deep 
glass tubes, and autoclaved. After the gelified 
medium was inoculated and incubated for sev- 
eral days, its consistency is compared to that of 
a control, uninoculated, tube. Depending on the 
ability of the strain to degrade CMC, the medium 
may be partially or totally liquefied (Bernardet, 
1989a; Van Trappen et al., 2003a; Van Trappen et 
al., 2003b; Fig. 8). 

Degradation of Other Biomacromolecules 

The degradation of biomacromolecules other 
than those mentioned above, particularly 
polysaccharides and proteins, by bacterial 
species now included in the genus Flavobacte- 
rium was extensively reviewed by Reichenbach 
(1989). The degradation of various macromo- 
lecules has also been reported in recently 
described Flavobacterium species (Table 4). 
Most Flavobacterium species are able to degrade 
a variety of polysaccharidic components of algae, 
plants, fungi, or insects such as agar (Fig. 9), 
alginate, chitin, laminarin, pectin, xylan, etc. 
(Stanier, 1947; Van der Meulen et al., 1974; Liao 
and Wells, 1986; Reichenbach, 1989; Humphry 
et al., 2001). 
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Fig. 8. Hydrolysis of carboxymethylcellulose. Each tube con- 
tained 10 ml of Anacker and Ordal’s broth gelified with 3% 
high-viscosity CMC. The tube at the bottom of the figure was 
an uninoculated control, whereas the two other tubes were 
inoculated and incubated at 22° C for three days. The tubes 
were then tilted to reveal the consistency of the medium. 
Inoculated with Pedobacter heparinus, which did not hydro- 
lyze CMC, the medium in the middle tube had the same 
consistency as that in the control tube. Conversely, the F. 
johnsoniae strain inoculated in the upper tube completely 
hydrolyzed CMC, turning the medium to liquid. 



Interestingly, the fish pathogens F. columnare 
and E psychrophilum have long been con- 
sidered unable to degrade any polysaccharide 
(Bernardet and Grimont, 1989). However, it was 
later discovered that they are actually able to 
degrade some particular complex acidic poly- 
saccharides of connective tissue such as chon- 
droitin sulfate and hyaluronic acid (Otis, 1984; 
Griffin, 1991; Teska, 1993; Stringer-Roth et al., 
2002). Degradation of chondroitin sulfate was 
even included in an identification scheme for 
R columnare (Griffin, 1992). Hence, these 
polysaccharide-degrading enzymes likely partic- 
ipate in the severe skin and muscular necrotic 
lesions that frequently occur in infected fish (see 
the section Pathogenicity and Epidemiology in 
this Chapter) in combination with the various 
extracellular proteases also produced by E 
columnare and E psychrophilum. These pro- 
teases, considered important virulence factors, 
are able to degrade components of muscle, 
cartilage, and connective tissue such as elastin, 
type IV collagen, fibrinogen, gelatin, laminin, 
fibronectin, actin and myosin (Otis, 1984; Holt, 
1988; Bertolini and Rohovec, 1992; Bertolini et 
al., 1994; Nomura and Ohara, 1994; Newton et 
al., 1997; Ostland et al., 2000; Secades et al., 2001; 
Secades et al., 2003). The two metalloproteases 
purified from E psychrophilum, produced under 
different physiological conditions, exhibit a 
broad range of hydrolytic activity and are 
adapted to low temperatures, being optimally 
produced at 12°C (Secades et al., 2001; Secades 
et al., 2003). Ostland et al. (2000) demonstrated 




Fig. 9. Hydrolysis of agar. After a four-day incubation at 
22°C on Anacker and Ordal’s medium with 1.2% (w/v) agar, 
E flevense has hydrolyzed the surrounding agar: colonies are 
situated in the center of shallow craters (Fig. 9B), under and 
around which the agar is softened and more transparent; 
hence the clear halos surrounding colonies (Fig. 9A). 

that in vitro casein-, gelatin- and collagen- 
degrading activities of E psychrophilum strains 
were associated with their ability to produce 
muscle necrosis when injected in rainbow trout. 
Interestingly, the optimum temperature for pro- 
tease production was consistently 4-9°C below 
the optimum temperature for growth for all 
strains tested (Uddin and Wakabayashi, 1997). 
The low temperature of protease production 
may be related to the range of temperature at 
which outbreaks of the diseases caused by E psy- 
chrophilum in salmonid fish occur (see the sec- 
tion Pathogenicity and Epidemiology in this 
Chapter). In E branchiophilum, the extracellular 
products contain a protease, a phosphatase, and 
a phosphoamidase but no hemolysin or endot- 
oxin; when juvenile rainbow trout were 
immersed in the extracellular products, gill 
lesions similar to those which occur during the 
natural infection were observed (Ototake and 
Wakabayashi, 1985; see the section Pathogenic- 
ity and Epidemiology in this Chapter). As 
in many microorganisms adapted to cold 
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environments, the production of the extracellu- 
lar protease found in E limicola is enhanced at 
low temperatures (Tamaki et al, 2003). 



Production of Cytochrome Oxidase 

Although the different techniques available to 
detect the production of cytochrome oxidase 
have not been compared on all Flavohacterium 
species, it has been demonstrated that the pre- 
sence of cytochrome oxidase was more readily 
evidenced in F. columnare and F psychrophilum 
using discs impregnated with dimethyl-p- 
phenylene diamine oxalate than using liquid 
tetramethyl-p-phenylene diamine dihydrochlo- 
ride reagents (Koski et al, 1993; J.-F. Bernardet, 
unpublished results). This characteristic should 
be tested on fresh colonies since it becomes 
difficult to detect after more than 3-4 days 
cultivation, especially on species that yield a 
weak positive reaction such as F psychrophilum 
(Bernardet and Kerouault, 1989). 



Commercial Identification Galleries 

In addition to (or instead of) the standard bio- 
chemical tests, commercially available kits, strips, 
and galleries have been extensively used over 
the last decade to help identify Flavobacterium 
strains. However, since most of these systems are 
aimed at the identification of human pathogens, 
the temperature and time of incubation must be 
adapted to test bacteria that do not grow at 37°C. 
API galleries (bioMerieux) have frequently been 
used. While API 20E galleries are not well 
adapted to most Flavohacterium strains (J.-F. 
Bernardet, unpublished results), API 20NE, API 
ZYM, API ID 32E, API 32GN and API 50CH 
have yielded interesting results when used at 
temperatures that were close to the optimum of 
the Flavobacterium species tested. As for API 
ZYM galleries, the time of incubation usually 
varied from the 4 h recommended by the manu- 
facturer (Van Trappen et al., 2003a; Van Trappen 
et al., 2003b; Aslam et al., 2005) to overnight 
(Bernardet, 1989b; Bernardet and Grimont, 
1989; Bernardet and Kerouault, 1989; Madetoja 
et al., 2001), although incubation time up to two 
or three days was sometimes used (Ostland et al., 
1994; Humphry et al., 2001). API ZYM galleries 
were used to differentiate the most common fish 
pathogenic bacteria, including F columnare 
(Sakai et al., 1993). API galleries in which bacte- 
rial growth is necessary were also incubated for 
two to three days (McCammon et al., 1998; 
Humphry et al., 2001; Van Trappen et al., 2003a; 
Van Trappen et al., 2003b) and up to ten days 
for API 50CH galleries (Bernardet, 1989b; 



Bernardet and Grimont, 1989; Bernardet and 
Kerouault, 1989). Except F columnare 
(Bernardet, 1989b) and F psychrophilum (Ber- 
nardet and Kerouault, 1989), all Flavohacterium 
species tested in API 50CH galleries were able 
to utilize a variety of substrates. Preliminary 
studies also demonstrated that F johnsoniae-likQ 
fish isolates utilize a number of substrates in Bio- 
type 100 galleries (bioMerieux; J.-F. Bernardet 
and C. Bizet, unpublished data). Various sub- 
strates were also utilized by F hibernum (after 
incubation times of 4 and 24 h) and F limicola 
in GN MicroPlates (Biolog; McCammon et al., 
1998; Tamaki et al., 2003). 

Besides the above-mentioned identification 
methods, other usually more sophisticated tech- 
niques are available to help identify Flavobacte- 
rium strains and species. The application of most 
of these techniques to the differentiation of 
members of the family Flavobacteriaceae was 
already considered by Bernardet et al. (2002) 
and in the chapter An Introduction to the Family 
Flavobacteriaceae in this Volume; some addi- 
tional information primarily on the genus Fla- 
vobacterium is provided below. 

Composition of the Cell Wall 
and Membrane 

Reichenbach (1989) reviewed data available on 
the structure and composition of the cell wall and 
membrane in several bacterial species now 
attributed to the genus Flavohacterium. Since 
then, fish-pathogenic species were investigated 
in this regard, mostly to characterize antigens 
that could be targets for potential vaccines and 
diagnostic tests (see the section Pathogenicity 
and Epidemiology in this Chapter). Low- and 
high-molecular-mass lipopolysaccharides were 
identified in F psychrophilum, the latter contain- 
ing the O-antigen (Crump et al., 2001; MacLean 
et al., 2001); a very unusual sugar in the O-chain 
may constitute a specific diagnostic target 
(Crump et al., 2001). Also in F psychrophilum, 
the outer membrane protein was tested as a pos- 
sible vaccine (Rahman et al., 2002), a major gly- 
coprotein antigen was purified and characterized 
(Merle et al., 2003) and a surface antigenic pro- 
tein was isolated and partially characterized 
(Massias et al., 2004). Outer membrane proteins 
and the lipopolysaccharide of F columnare were 
also studied (Shamsudin, 1994); the structure of 
the lipopolysaccharide O-antigen was only 
recently characterized and shown to differ from 
that of F psychrophilum (MacLean et al., 2003). 
The structure of the glycopeptides resulting, 
together with the lipopolysaccharide (LPS) and 
the capsular polysaccharide from the phenol- 
water extraction of F columnare cells, was deter- 
mined; its role in pathogenesis and its antigenic 



504 J.-F. Bernardet and J.P. Bowman 



CHAPTER 6.4 



properties are not known yet (Vinogradov et al, 
2003). 

As do other members of the family Flavobac- 
teriaceae, Flavohacterium species contain men- 
aquinone 6 as their only respiratory quinone and 
do not contain sphingophospholipids (Bernardet 
et al, 1996). 

The kind of chemotaxonomic information 
resulting from the analysis of whole-cell fatty acid 
methyl esters (FAMEs) is discussed in the chap- 
ter An Introduction to the Family Flavobacteri- 
aceae in this Volume. Recently, fatty acid analysis 
has been used extensively for rapidly clustering 
large numbers of polar bacterial isolates; repre- 
sentative strains in each cluster were then sub- 
mitted to phylogenetic analysis (see VanTrappen 
et al. [2002] and references therein). Those 
isolates that were subsequently shown to belong 
to the genus Flavobacterium mostly contained 
branched fatty acids (saturated, unsaturated, or 
saturated and hydroxylated; Van Trappen et al., 
2002). These fatty acids, which contribute to the 
membrane fluidity at low temperature, were 
abundant in all psychrophilic Flavobacterium 
species (Zhu et al., 2003) and no evidence of 
polyunsaturated fatty acids was found (Humphry 
et al., 2001). The overall fatty acid compositions 
of newly described Flavobacterium species were 
similar to that cited in the genus description 
(see above), except for some discrepancies in 
relative proportions (e.g.. Van Trappen et al., 
2003, 2005; Aslam et al., 2005; Yi et al., 2005) and 
failure to detect 15:1 iso G. Among those fatty 
acids already listed in the genus description, 
15:0, 15:0 iso, 15:0 iso 30H, 16:0 iso 30H, 17:1 
iso 30H and particularly 16:1 co7c were the most 
abundant components in most new species 
(McCammon et al., 1998; McCammon and 
Bowman, 2000; Humphry et al., 2001; Tamaki 
et al., 2003; Van Trappen et al., 2003a, Van 
Trappen et al., 2003b, 2005; Zhu et al., 2003; 
Aslam et al., 2005; Yi et al., 2005). Additional 
components which may account for a significant 
fraction of the total fatty acid composition of the 
recently described Flavobacterium species were 
15:0 anteiso, 15:1, 15:1 iso, 15:1 co6c, 15:1 iso colOc, 
16:0 iso, 16:1 iso, 17:1 co6c, and summed feature 
3. The decisive influence of growth temperature 
and medium on the relative amounts of the 
various fatty acids, although already recognized 
(McGrath et al., 1990), was again noticed in 
F limicola (Tamaki et al., 2003). Therefore, 
although there are no species-specific fatty acid 
profiles in the genus Flavobacterium, it is still 
possible to define a rather typical profile for the 
genus itself. Given the necessary technical skill 
and equipment, the determination of the fatty 
acid profile helps assignment of new isolates to 
the genus. 



Whole-Cell Protein Analysis 

Again, provided the skill and equipment for 
highly standardized sodium dodecylsulfate- 
polyacrylamide gel electrophoresis (SDS- 
PAGE), numerical analysis of the resulting 
electrophoregram, and database comparison 
are available, the determination of whole-cell 
protein profiles may also help assign new iso- 
lates to published Flavobacterium species or 
delineate new species (Bernardet et al., 1996; 
Bernardet et al., 2002). A good correlation 
between high DNA homology and high similar- 
ity of whole-cell protein patterns was noticed 
among several members of the family Flavobac- 
teriaceae (Vandamme et al., 1996; Bernardet et 
al., 2002; the chapter An Introduction to the 
Family Flavobacteriaceae in this Volume). Some 
Flavobacterium spp. {F columnare and F 
psychrophilum) could indeed be readily 
identified by their typical protein profile, but 
others {F branchiophilum, F johnsoniae and F 
succinicans) because of intraspecific hetero- 
geneity could not (Bertolini and Rohovec, 1992; 
Bernardet et al., 1996; Cipriano et al., 1996). For 
yet other species, no conclusion could be drawn 
owing to the limited number of strains tested/ 
available. In F columnare and F psychrophilum, 
whole-cell protein patterns remained consistent 
regardless of the growth medium used (Cipriano 
and Teska, 1994). Unfortunately, none of 
the sixteen recently described Flavobacterium 
species was investigated for their protein 
profiles. 



Multilocus Enzyme Electrophoresis 

Multilocus Enzyme Electrophoresis (MEE) was 
used as an attempt to classify 106 strains of yel- 
low, Gram-negative, nonflagellated organisms 
isolated from fish or freshwater environments; 
one of the four groups delineated by this tech- 
nique was entirely composed of F columnare 
strains (Starliper et al., 1988). 



DNA-DNA Hybridization 

DNA-DNA similarity, as determined using 
quantitative DNA-DNA hybridization, is still 
the acknowledged standard for species delinea- 
tion, together with ACn when available (Wayne 
et al., 1987; Stackebrandt et al., 2002). The dif- 
ferent techniques available and a review of their 
application to members of the family Flavobac- 
teriaceae were discussed extensively by Bernar- 
det et al. (2002), and only additional information 
especially focused on the genus Flavobacterium 
will be given here. DNA-DNA hybridization 
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experiments performed on members of the spe- 
cies classified in the genus have revealed that the 
70% cut-off value proposed by Wayne et al. 
(1987) does apply to Flavohacterium species. 
Strains belonging to the same species share DNA 
relatedness well above 70% (i.e., 75-100%), 
whereas DNA relatedness is distinctly below this 
value (i.e., 4-50%) when strains belonging to dif- 
ferent Flavohacterium species are hybridized 
(Bernardet and Grimont, 1989; McCammon 
et al., 1998; McCammon and Bowman, 2000; 
Humphry et al., 2001; Tamaki et al., 2003; Van 
Trappen et al., 2003a; Van Trappen et al., 2003b; 
Zhu et al., 2003; Van Trappen et al., 2005). The 
range of DNA relatedness between different 
strains of the same species may be rather wide 
(from approximately 75% to close to 100%); 
this is the case for F columnare (Bernardet and 
Grimont, 1989), F branchiophilum (Wakaba- 
yashi et al., 1989), F limicola (Tamaki et al., 
2003) and F fryxellicola (Van Trappen et al., 
2005). In the particular case of F branchiophilum 
and F johnsoniae, DNA relatedness values 
among some strains were as low as 67% 
(Wakabayashi et al., 1989) and 60% (Bernardet 
et al., 1996), respectively; however, AT^ values 
well below 5°C have shown that such strains 
nevertheless belong to the same species 
(Bernardet et al., 1996). Three distinct hybridiza- 
tion groups were delineated within a collection 
of F columnare strains; each was characterized 
by a particular 16S rDNA restriction pattern and 
a particular nucleotide signature in its 16S rRNA 
sequence (Triyanto and Wakabayashi, 1999). 
However, since no phenotypic characteristics 
were available to differentiate them, these 
groups could only be considered genospecies or 
genomovars. Intraspecific DNA relatedness can- 
not be assessed in Flavohacterium species for 
which only one bona fide strain is available, 
namely F antarcticum, F aquatile, F flevense, F 
frigidarium, F gillisiae, F granuli, F hydatis, F 
omnivorum, F pectinovorum, F saccharophilum, 
F xanthum and F xinjiangense. 



Sequence Analysis of Small Subunit 
rRNA and gyrB genes 

Sequences of the 16S rRNA gene of all valid 
Flavohacterium species are now available; their 
comparison, combined with earlier data resulting 
from DNA-rRNA hybridization experiments 
(Bauwens and De Ley, 1981; Bernardet et al., 
1996), provides a distinct view of the phyloge- 
netic relationships within the genus Flavohacte- 
rium (Fig. 1) and between the genus and other 
members of the family Flavobacteriaceae (see 
Figs. 1 and 2 of the chapter An Introduction to 



the Family Flavobacteriaceae in this Volume). 
Although 16S rRNA delivers valuable informa- 
tion to delineate taxa at the genus and family 
level, it should not be used as the only genomic 
method to delineate bacterial species, with the 
exception of noncultivable organisms. As shown 
by several studies, some of them dealing with 
members of the very family Flavobacteriaceae, 
the arbitrary cut-off value of 97% 16S rRNA 
sequence homology is frequently not correlated 
with DNA-DNA homology (see Bernardet et al. 
[2002] and references therein). For instance, 
values of 16S rRNA sequence similarity of 97.2- 
98.7% were recently found between several 
Flavohacterium species (Van Trappen et al., 
2003b, 2005). The sequence of gyrB genes, 
encoding the subunit B protein of DNA gyrase, 
may also be used for phylogenetic studies. Until 
now, only the gyrB sequences of F aquatile, F 
johnsoniae, F psychrophilum and ‘‘[Sporocy- 
tophaga] cauliformis'' are available (Izumi and 
Wakabayashi, 2000; Suzuki et al., 2001); hence, 
an evaluation of the respective phylogenetic 
interest of gyrB and 16S rRNA is not possible 
yet. In the genus Tenacibaculum, another mem- 
ber of the family Flavobacteriaceae, interspecific 
DNA relatedness values have been shown to be 
more distinctly correlated to the sequence simi- 
larity of gyrB than to that of 16S rRNA (Suzuki 
et al., 2001). 

A combination of two or more of the above 
techniques will provide a polyphasic approach to 
the identification of new Flavohacterium isolates 
(Vandamme et al., 1996). Indeed, it is this kind 
of approach that has allowed the successful 
identification and description of all recently 
published Flavohacterium species. Below, we list 
some other possible techniques for detecting 
Flavohacterium strains in the environment and 
in clinical samples without requiring previous 
culture, as well as the methods currently avail- 
able to type collections of Flavohacterium 
strains. 



Molecular Detection and Identification 

Several culture-independent molecular methods 
have been used extensively over the last decade 
to investigate the phylogenetic composition of 
bacterial communities in various environments 
(see the section Habitat and Ecology in this 
Chapter and the chapter An Introduction to the 
Family Flavobacteriaceae in this Volume). How- 
ever, although part of the panel of species used 
to design the rRNA-targeted oligonucleotide 
probes for fluorescent in situ hybridization 
(FISH) was Flavohacterium species, no probe 
specifically targeting members of the genus 
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Flavobacterium is available yet. Published 
probes had a broad specihcity, usually including 
the whole Cytophaga-Flav oh acterium-Bacter ai- 
des (CFB) group or parts of it (Manz et al, 1996; 
Maeda et al, 1998; Weller et al, 2000; Adachi 
et al., 2002; O’Sullivan et al., 2002). Hence, it is 
not possible to determine the proportion of Fla- 
vobacterium species among other members of 
the CFB group in the environments investigated. 
Other surveys of bacterial communities used 
the sequencing of cloned 16S rRNA gene frag- 
ments; this technique allowed the detection of 
several organisms distinctly belonging to the 
genus Flavobacterium in the Columbia and Del- 
aware estuaries (Crump et al., 1999; Kirchman et 
al., 2003). Denaturing gradient gel electrophore- 
sis (DGGE) of 16S rDNA fragments has also 
become a popular method to assess the diversity 
of bacterial flora. It was recently found, however, 
that Flavobacterium strains were the only mem- 
bers of the aquatic bacterioplankton studied that 
possessed multiple melting domains in their 16S 
rDNA; these domains were responsible for fuzzy 
bands on the gel and consequently for poor res- 
olution of DGGE at the species level when 
commonly applied universal primers were used 
(Kisand and Wikner, 2003). This problem could 
lead to misinterpretation of DGGE data and 
thereby to incorrect estimates of the number 
of Flavobacterium species in natural bacterial 
communities. 

A variety of PCR tests were published for 
the economically signihcant hsh-pathogenic Fla- 
vobacterium species, i.e., F hranchiophilum, F 
columnare and F psychrophilum (see the sec- 
tion Pathogenicity and Epidemiology in this 
Chapter). Classical PCR assays using either 16S 
rRNA- or gyr5-targeted primers (Toyama et al., 
1994; Toyama et al., 1996; Urdaci et al., 1998; 
Izumi and Wakabayashi, 2000) were devised, 
and procedures for nested PCR (Baliarda et al., 
2002; Taylor and Winton, 2002), multiplex PCR 
(del Cerro et al., 2002), and TaqMan PCR (del 
Cerro et al., 2002) were also published. These 
PCR tests were used either to conhrm the iden- 
tihcation of cultured isolates or to specihcahy 
detect the pathogens in the tissue of diseased or 
apparently healthy hsh (Wiklund et al., 2000; 
Baliarda et al., 2002), in ovarian fluid and eggs 
(Izumi and Wakabayashi, 1997; Kumagai and 
Takahashi, 1997; Baliarda et al., 2002), and in 
water samples (Wiklund et al., 2000; Madetoja 
and Wiklund, 2002). F psychrophilum was also 
detected in water samples (Vatsos et al., 2002) 
and fish organs (Liu et al., 2001) by in situ 
hybridization using fluorescein-labeled PCR 
primers. Attempts were made to identify fish- 
pathogenic Flavobacterium species from 
samples of skin lesion by direct broad-range 
PCR amplification using universal primers fol- 



lowed by sequencing of the partial 16S rDNA 
PCR products; sequences similar to those of F 
columnare, F psychrophilum and F hihernum 
were found (Tiirola et al., 2002). Presumptive 
identification at the generic and specific level of 
different fish pathogens including F columnare 
and F psychrophilum was also obtained directly 
from fish tissue using terminal restriction 
fragment length polymorphism (T-RFLP) analy- 
sis of 16S rRNA genes (Nilsson and Strom, 
2002 ). 

Typing of Collections of 
Flavobacterium Strains 

MOLECULAR TYPING. Several different 
molecular methods have been used to type col- 
lections of Flavobacterium strains. Understand- 
ably, because of the economic significance of the 
fish pathogenic species, and because collections 
of strains of widely different geographic origins 
and host species were available, typing methods 
have preferentially been tested on these species. 
Depending on the primers used, random ampli- 
fied polymorphic DNA (RAPD) was shown to 
provide both a typing of F psychrophilum and F 
columnare strains and a clear differentiation 
between all Flavobacterium species tested 
(Chakroun et al., 1997); from a practical point 
of view, this technique was able to distinguish 
F psychrophilum from other fish-pathogenic 
Flavobacterium species which may occur in 
the same environment (Crump et al., 2001). 
Ribotyping (or rRNA gene restriction pattern 
analysis) was also performed on F psychrophi- 
lum strains using several different restriction 
endonucleases. Ah four strains tested by Cipri- 
ano et al. (1996) exhibited the same ribotype; 
however, different ribotypes were found when 
larger collections of strains were studied. Similar 
to what was obtained using RAPD, some of the 
ribotypes identified among 85 F psychrophilum 
strains were distinctly correlated with the fish 
species from which the strains were isolated, 
whereas no correlation with the geographic 
origin was found (Chakroun et al., 1998). One 
ribotype was highly dominant among 299 Danish 
strains, and a relationship was found among this 
ribotype, serotype, and virulence (Madsen and 
Dalsgaard, 2000). Madetoja et al. (2001) also 
noted this relationship, but again no correlation 
with the geographic origin was found; interest- 
ingly, this study showed that different clones of 
F psychrophilum could be isolated during the 
same outbreak. Three different restriction frag- 
ment length polymorphism (RFLP) patterns of 
PCR-amplified 16S rDNA were found in a col- 
lection of F columnare strains, each correspond- 
ing to one of the three DNA-DNA hybridization 
groups identified in this species (Triyanto and 
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Wakabayashi, 1999; see above). In E psychrophi- 
lum, RFLP of the amplified gyrB gene yielded 
different results depending on the kind of 
primers (i.e., universal versus E psychrophilum- 
specific) used to amplify the gene; a certain 
correlation between RFLP patterns and the spe- 
cies of fish host was noticed (Izumi et al, 2003b). 
Five different plasmid profiles were found when 
a collection of mostly Danish E psychrophilum 
isolates was investigated; a ~3.2-kb plasmid was 
present in most strains (Lorenzen et al., 1997). 
Chakroun et al. (1998) found that most of the 85 
E psychrophilum strains they tested harbored at 
least one plasmid and that eleven different plas- 
mid profiles occurred; even strains belonging to 
the same ribotype could exhibit different plas- 
mid profiles, and the approximate size of the 
plasmids varied from 2.1 to 20 kb. Thirty-seven 
strains originating from widely different geo- 
graphic areas (i.e., the United States, Chile, 
Japan, and several European countries), most of 
them retrieved from rainbow trout, shared the 
same 3.5-kb plasmid (Chakroun et al., 1998). A 

3.3- kb plasmid was found in 284 among 299 Dan- 
ish E psychrophilum strains studied, but no clear 
correlation was noted between the presence of 
this plasmid and the virulence of strains (Madsen 
and Dalsgaard, 2000). Among the four different 
plasmids found in a collection of E psychrophi- 
lum isolates from various fish species and geo- 
graphic areas, the 3.4 kb plasmid occurred mostly 
in rainbow trout isolates while two other plas- 
mids seemed restricted to Japanese isolates; no 
plasmid was associated with antibiotic resistance 
(Izumi and Aranishi, 2004a). Given the rough 
method used in these studies to evaluate the 
plasmid size, it is most likely that the 3.2-, 3.3-, 

3.4- and 3.5-kb plasmids they reported are actu- 
ally identical. TTiis plasmid, called “pCPl,” was 
sequenced and used to develop cloning vectors 
for E johnsoniae (McBride and Kempf, 1996; see 
the section Genetics in this Chapter). 

Hence, the above-mentioned fingerprinting 
techniques may be powerful molecular tools 
for the epidemiological tracing of the infections 
caused by Elavohacterium species in fish, pro- 
vided a sufficient number of strains representing 
a variety in origins is tested. 

Recently, repetitive extragenic palindromic 
DNA-PCR (rep-PCR) fingerprinting was used 
to investigate the genomic diversity of clusters 
previously delineated by fatty acid analysis 
among a collection of polar isolates (Van 
Trappen et al., 2003, 2005). The results con- 
firmed that strains sharing the same rep-PCR 
profile are closely related. Among the six new 
Elavohacterium species described by these 
authors, E degerlachei, E micromati, E fryxelli- 
cola and E psychrolimnae were each comprised 
of strains that exhibited the same rep-PCR 



profile, whereas E frigoris and E gelidilacus 
included strains representing two or three differ- 
ent rep-PCR profiles, respectively (Van Trappen 
et al., 2003a, Van Trappen et al., 2003b, 2005). 
Hence, this technique may either differentiate 
Elavohacterium species from each other or be 
used for intraspecific typing. 

SEROLOGICAL TYPING. Fish-pathogenic 
Elavohacterium species have been extensively 
investigated for possible serotyping with appli- 
cations to epidemiological studies and diagnostic 
tests in view; however, only a few studies 
included strains originating from various fish 
species and geographic areas. Early studies were 
reviewed by Reichenbach (1989). Many sero- 
typing schemes were published, but it is only 
recently that investigators began identifying and 
characterizing bacterial antigens presumably 
responsible for the different serotypes (see the 
section Composition of the Cell Wall and Mem- 
brane in this Chapter). As for E psychrophilum, 
three to seven serotypes were recognized by 
different authors depending on the origin and 
number of strains studied and on the technique 
used (i.e., rabbit or trout mono- or polyclonal 
antibodies; microtiter or slide agglutination with 
or without reciprocal absorption of antisera; 
double immunodiffusion; or enzyme linked 
immunosorbent assay [ELISA]; Holt, 1988; 
Wakabayashi et al., 1994; Lorenzen and Olesen, 
1997; Izumi and Wakabayashi, 1999; Dalsgaard 
and Madsen, 2000; Madetoja et al., 2001; Mata 
et al., 2002). Recently, a new serotype was 
described and the different serotyping systems 
were compared and harmonized (Izumi et al., 
2003a). No association was found between the 
serotypes of E psychrophilum strains, their geo- 
graphical origin, and the host fish species of 
origin (Faruk, 2000). Serological studies on E 
columnare are scarce and early (Pacha and 
Ordal, 1970; Bullock, 1972; Sanders et al., 1976); 
again, serological relationships did not reveal a 
pattern based on fish host, tissue, or geographic 
origin (Shamsudin, 1994). Only limited numbers 
of E hranchiophilum strains have been studied; 
although common antigens were shared by Jap- 
anese, Canadian, and Hungarian strains, anti- 
genic diversity was also found, even among 
isolates originating from the same region (Huh 
and Wakabayashi, 1989; Ostland et al., 1994; Ko 
and Heo, 1997). 

BACTERIOCIN TYPING. Bacteriocins pro- 
duced by some E columnare strains are lethal to 
other strains of the same species; nine E colum- 
nare types were defined according to their sus- 
ceptibility to seven different bacteriocins, and a 
partial correlation was noted between these 
types and serotypes (Anacker and Ordal, 1959). 
Chase (1965) observed growth medium- 
dependent differences in the production of 
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these “ columnar icins”; the highest production 
occurred during the late exponential growth 
phase (Needleman and Pacha, 1974). 

MISCELLANEOUS. Early studies, reviewed 
by Reichenbach (1989), have reported the pres- 
ence of phages in F. columnare and E johnsoniae, 
but no practical utilization (e.g., for the typing of 
strains or as a control method during outbreaks 
of fish disease) was suggested. Recently, a Fla- 
vobacterium sp. was identified as a phage host 
in Arctic sea ice, but its highest 16S rRNA 
sequence homology (with F hibernum) was only 
94% (Borriss et al., 2003). 

The only Flavobacterium species for which a 
particular odor, called “sickening,” “distinct, 
fruity,” or “pronounced and somewhat character- 
istic,” was noted is F columnare (Garnjobst, 
1945; McCarthy, 1975; Shamsudin and Plumb, 
1996). 

The susceptibility to a range of antibiotics has 
been tested in only some members of the genus 
Flavobacterium. On the whole, and contrary to 
other members of the family Flavobacteriaceae 
such as the genus Chryseobacterium (see the 
corresponding chapter Tlie Genus Chryseobac- 
terium in this Volume), Flavobacterium strains 
are not considered to be highly resistant to anti- 
microbial drugs. Obviously, the fish pathogens 
have been particularly studied in this regard to 
determine which drugs might be used to treat 
infections. The drug susceptibility of F colum- 
nare and F psychrophilum were determined 
(Fijan and Voorhees, 1969; Amin et al., 1988; 
Hawke and Thune, 1992; Soltani et al., 1995; 
Shamsudin and Plumb, 1996) and their intrinsic 
resistance to certain antibiotics was used to 
propose selective media (Fijan, 1969; Decostere 
et al., 1997; Kumagai et al., 2004; see the section 
Isolation and Cultivation in this Chapter). A par- 
ticular medium was proposed to test the antibi- 
otic susceptibility of F columnare (Hawke and 
Thune, 1992). Antimicrobial resistance patterns 
of bacterial strains and minimum inhibitory con- 
centrations of commonly used antibiotics were 
determined for F columnare, F johnsoniae and 
F psychrophilum to validate their clinical 
efficacy when fish were administered bath or oral 
treatment (Bernardet, 1989b; Bernardet and 
Grimont, 1989; Bernardet and Kerouault, 
1989; Soltani et al., 1995; Lorenzen et al., 1997; 
Rangdale et al., 1997; Bruun et al., 2000, 2003; 
Izumi and Aranishi, 2004). Media were com- 
pared and standards were recommended to 
assess the minimal inhibitory concentration of 
chloramphenicol and florfenicol in various bac- 
terial fish pathogens, including F psychrophilum 
(Michel et al., 2003). In F psychrophilum as in 
other Gram-negative bacteria, the co-occurrence 
of resistance to quinolones and specific muta- 
tions of the A subunit of DNA gyrase (GyrA) 



demonstrated that GyrA is an important target 
for quinolones (Izumi and Aranishi, 2004b). An 
extreme susceptibility to penicillin G was noted 
in F branchiophilum (Ostland et al., 1994). Anti- 
biotics for treatment of fish were selected from 
among those antibiotics that are toxic to fish- 
pathogenic Flavobacterium species but are not 
toxic to fish or banned from use on fish farms. 
Further information on the practical use of anti- 
biotics in the treatment of fish is given in the 
section Pathogenicity and Epidemiology. Among 
the recently described Flavobacterium species, 
only Ffrigidarium (Humphry et al., 2001) and F 
granuli (Aslam et al., 2005) were tested for their 
antimicrobial resistance pattern, which proved 
similar to those of F columnare and F psychro- 
philum', F frigidarium was found to be highly 
resistant to kanamycin (Humphry et al., 2001). 
The carbapenem-hydrolyzing p-lactamase from 
the F johnsoniae type strain has recently been 
purified and characterized; the analysis of its 
sequence revealed that it is closely related to the 
p-lactamase produced by other members of the 
family Flavobacteriaceae such as Chryseobacte- 
rium meningosepticum and C. indolo genes (Naas 
et al., 2003; see the chapter The Genus Chryseo- 
bacterium in this Volume). 

Preservation 

Flavobacterium species can be preserved for mul- 
tiple-year periods by simple cryopreservation at 
-70°C or less, using 10-30% (v/v) glycerol as a 
cryoprotectant within a routine growth medium 
such as Anacker and Ordal’s broth (see media 
formulae in the section Isolation and Cultiva- 
tion). This procedure has been proposed for F 
branchiophilum (Wakabayashi et al., 1989), F 
columnare (Shamsudin and Plumb, 1996), F psy- 
chrophilum (Madsen and Dalsgaard, 1998), and 
F antarcticum (Yi et al., 2005) and used success- 
fully by J.-F. Bernardet (unpublished data) for all 
Flavobacterium species using the CAS broth 
(i.e., 1% casitone [Difco], 0.1% MgS 04 • 7 H 2 O, 
pH 6.8 unadjusted) recommended by Reichen- 
bach (1989) to which 10% sterile glycerol was 
added. Commercial cryopreservative media are 
also convenient (Cepeda et al., 2004). Storage in 
liquid nitrogen may also be used, the CAS 
medium being supplemented with 5 % dimethyl- 
sulfoxide (DMSO; Reichenbach, 1989). 

A study by Desolme and Bernardet (1996) 
indicated that lyophilization (freeze-drying) of F 
columnare and F psychrophilum (and thus of 
most other generally more robust Flavobacte- 
rium species) was effective using a suspension 
medium consisting of 2/3 Difco Bacto Brucella 
broth and 1/3 filtered and heat-inactivated (1 h 
at 56°C) horse serum. Lyophilization was also 
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used to preserve F. hranchiophilum (Ostland et 
al., 1994). The frozen cells can be revived using 
Anacker and Ordal’s agar. Better results for 
some of the more sensitive fish pathogenic 
strains, such as R psychrophilum, can be 
obtained by reviving on Anacker and Ordal’s 
medium enriched to 0.5% tryptone and supple- 
mented with 5% defibrinated horse serum 
(Difco) and a trace element solution as described 
by Michel et al. (1999). 

Most of the cold-adapted species can also be 
stored as live cultures on agar slants at low tem- 
perature. The best temperature is 2°C, which 
reduces the incidence of fungal contamination. 
However this procedure needs to be verified on 
a case-by-case basis, as some species may show 
poor survival in this manner of storage after 
more than 3 months. Many of the cold-adapted 
Antarctic species such as F. tegetincola can 
survive at least 18 months this way. Most fish- 
pathogenic Flavohacterium strains will survive 
for several months or even years when heavily 
inoculated in deep tubes containing Anacker and 
Ordal’s medium gelified with 0.4% (w/v) agar 
maintained at 4°C (Anacker and Ordal, 1955; 
J.-F. Bernardet, unpublished data). 

The influence of the preservation procedure 
on the virulence stability of a F psychrophilum 
strain was evaluated using experimental infec- 
tion of rainbow trout fingerlings and determina- 
tion of the lethal dose 50%. Cultures were 
revived after 1, 8 and 23 months of storage by 
lyophilization, freezing at -80°C, and mainte- 
nance at 4°C in Anacker and Ordal’s agar deeps: 
whatever the preservation procedure, virulence 
was maintained after 1 and 8 months of storage; 
after 23 months, the bacteria kept in agar deeps 
at 4°C had lost some of their virulence, while the 
lyophilized and frozen ones were only slightly 
attenuated (Michel and Garcia, 2003). 

Physiology 

Though specific aspects of the biochemical phys- 
iology of members of the genus Flavohacterium 
remain to be discovered, almost all Flavobacte- 
rium species are strictly aerobic and appear to 
lack fundamental idiosyncrasies in their carbon 
and energy pathways. Most species use glucose 
as a carbon source and probably employ the 
Embden-Meyerhof-Parnas pathway for their 
catabolism (Reichardt and Morita, 1982). 
Exceptions to this generalization are the species 
F succinicans and F hydatis, which can grow 
anaerobically when provided peptone or yeast 
extract, e.g., modified Shiehs medium (Anderson 
and Ordal, 1961; Strohl and Tait, 1978; Reichen- 
bach, 1989; see the section Isolation and Cul- 
tivation in this Chapter). Some components of 



these media presumably contain so far undeter- 
mined growth factors required to drive anaero- 
bic growth. Flavohacterum succinicans also 
requires CO 2 (which can be provided by adding 
15-25 mM NaHCOs to growth media) and glu- 
cose for anaerobic growth (Chase, 1965). Fla- 
vohacterium antarcticum grows weakly under 
microaerobic conditions and poorly under 
anaerobic conditions (Yi et al., 2005). Capno- 
philic requirements, as exhibited by the related 
genus Capnocytophaga and other members of 
the family Flavobacteriaceae (see the chapters 
The Genus Capnocytophaga in this Volume and 
An Introduction to the Family Flavobacteriaceae 
in this Volume), are otherwise absent or negligi- 
ble for known Flavohacterium spp. Anaerobic 
growth can occur fermentatively on carbohy- 
drates or yeast extract or by respiration using 
nitrate as the electron acceptor. Flavohacterium 
succinicans can also grow by fermentation of 
pyruvate (converting it to mostly acetate); other- 
wise organic acids or amino acids are not uti- 
lized. Alternative anaerobic electron acceptors 
to nitrate (sulfur, ferric compounds, etc.) have 
yet to be tested. Fermentation products formed 
during growth are mostly succinate, acetate and 
formate. Anderson and Ordal (1961) proposed 
the CO 2 requirement of F succinicans stems 
from a lack of lactate dehydrogenase; instead 
this species condenses CO 2 with phosphoe- 
nolpyruvate (using phosphoenolpyruvate car- 
boxylase and guanosine 5'-diphosphate [GDP]), 
resulting in oxaloacetate. Oxaloacetate is then 
reduced further via the reduced form of nicoti- 
namide adenine dinucleotide (NADH), forming 
succinate as an end product. Interesting physio- 
logical comparisons may be made between the 
capnophilic members of the family Flavobac- 
teriaceae, i.e., the genera Capnocytophaga (see 
the chapter The Genus Capnocytophaga in this 
Volume), Coenonia, Ornithohacterium and 
Riemerella (see the chapter Capnophilic Bird 
Pathogens in the Family Flavobacteriaceae: 
Riemerella, Ornithobacterium and Coenonia in 
this Volume). Interestingly, F granuli appears 
to be strictly aerobic although it was isolated 
from granules that had been kept under 
anaerobic conditions for two years (Aslam et al., 
2005). 

Energy metabolism can be supplemented by 
reduction of nitrate to nitrite by many Flavobac- 
terium species, particularly freshwater species. 
Some strains (but not the type strains) of F 
johnsoniae and F columnare have been reported 
to grow by anaerobic denitrification (Stanier, 
1947; Christensen, 1977; Callies and Mannheim, 
1978; Nogales et al., 2002). It is possible, how- 
ever, that these denitrifying strains actually 
belong to separate species or even genera 
(Reichenbach, 1989). 
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Carbon and nitrogen metabolism pathways 
are poorly understood in the genus; however, on 
the basis of phenotypic data, they appear quite 
diverse between species. This can be best seen in 
the capacity for carbohydrate catabolism, which 
varies strongly at the species level. Some species 
utilize a wide range of carbohydrates and 
polysaccharides including E pectinovorum, the 
aptly named E saccharophilum, E johnsoniae, E 
hydatis and E omnivorum. On the other hand, E 
hranchiophilum, E columnare, E psychrophilum, 
E tegetincola and E micromati are essentially 
asaccharolytic or poorly saccharolytic, preferring 
nitrogen-containing substrates, primarily amino 
acids and proteins. Asaccharolytic species also 
lack common glycolytic enzymes (e.g., as 
revealed by API ZYM galleries; see Table 6 in 
Bernardet et al., 1996), which can be useful for 
their rapid discrimination from saccharolytic 
species. All Elavohacterium species except E 
hranchiophilum (which requires yeast extract) 
can grow on single amino acids, such as L- 
glutamate or L-asparagine, as sole nitrogen 
sources. In general, Elavobacterium species have 
little propensity to utilize other types of sub- 
strates including sugar alcohols, alcohols, organic 
acids, hydrocarbons and aromatics. The ability 
to utilize xenobiotics occasionally ascribed to 
Elavobacterium sp. (e.g., Topp et al., 1988) is 
almost certainly erroneous and the strains con- 
cerned are likely instead Sphingomonas spp., 
which can be confused with Elavobacterium 
owing to superficial morphological similarities. 

Several other aspects pertaining to the physi- 
ology of members of the genus Elavobacterium 
are dealt with in other sections in this Chapter, 
particularly the section Identification. 



Genetics 

Besides investigations targeting the whole 
genome (DNA-DNA hybridization and determi- 
nation of the G-hC content) or particular genes 
(sequencing of 16S rRNA and gyrB genes) for 
taxonomic and phylogenetic purposes or for the 
molecular typing of bacterial strains (see the sec- 
tion Identification in this Chapter), genetics of 
members of the genus Elavobacterium has been 
poorly investigated to date. However, a group of 
scientists studied extensively the genetics of glid- 
ing motility in E johnsoniae. Tools for the genetic 
manipulation of this organism were first devel- 
oped: a Bacteroides transposon was shown to 
function in E johnsoniae and cloning vectors 
based on a cryptic plasmid of E psychrophilum 
were devised (McBride and Kempf, 1996). The 
system of gene transfer, the selectable marker, 
the suicide vector, and the transposon developed 



to genetically manipulate E johnsoniae were 
also used successfully on E succinicans, on 
other members of the family Flavobacteriaceae 
(i.e., Chryseobacterium meningosepticum), 
and on other members of the Cytophaga- 
Elavobacterium-Bacteroides phylum (i.e., [Elexi- 
bacter] canadensis and Cytophaga hutchinsonii; 
McBride and Baker, 1996). Recently, methods 
for the genetic manipulation of E psychrophilum 
were also developed; selectable markers, 
plasmid cloning vectors, a lacZY reporter con- 
struct, and a transposon are now available and 
should allow for the analysis of virulence mech- 
anisms and the development of vaccine strains 
(Alvarez et al., 2004). The most common plasmid 
in E psychrophilum strains, pCPl (see the 
section Molecular Typing in this Chapter), was 
entirely sequenced (M. J. McBride, seq. no. 
NC004811). Mutagenesis was used to address 
the genetic mechanisms of gliding motility in E 
johnsoniae; at least eight different genes were 
shown to be required (Kempf and McBride, 
2000; Hunnicutt and McBride, 2001; Hunnicutt 
et al., 2002; McBride et al., 2003, McBride and 
Braun, 2004). The most recently discovered 
genes, gldH and gldl, are required for gliding 
motility, chitin utilization, and infection by 
bacteriophages; these properties are lost in gldH 
or gldl mutants and restored when gldH or gldl 
is reintroduced in the genome via a plasmid 
(McBride et al., 2003). However, mechanisms 
responsible for gliding motility are complex and 
probably differ among the organisms that exhibit 
this kind of motility (McBride, 2001). Recently, 
the nucleotide sequence of the E aquatile operon 
coding for the Eaul restriction-modification 
system was determined (Abdurashitov et al., 
2003). 

Pathogenicity and Epidemiology 

Plant Pathogens 

The decay of various fresh plants and vegetables 
called “soft rot” has been attributed to E johnso- 
niae, among other bacterial species (Liao and 
Wells, 1986; Lelliott and Stead, 1987). T^e patho- 
genic strains were shown to produce more 
pectate lyase in broth medium than the non- 
pathogenic ones; however, E johnsoniae was 
mostly considered an opportunistic pathogen 
(Liao and Wells, 1986). 

Human Medicine 

After several human cases of a lung disease sim- 
ilar to hypersensitivity pneumonitis occurred in 
a United States textile facility, a bacterial endo- 
toxin was isolated from the biomass growing in 
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the air humidification system and shown serolog- 
ically to be the cause of the clinical disease; the 
main representatives of the bacterial flora were 
isolated from the system and a Cytophaga strain 
was identified as the source of the endotoxin 
(Flaherty et al., 1984). Further studies showed 
that the bacterium was related to several 
Cytophaga, Flexibacter, and Flavohacterium ref- 
erence strains; although DNA relatedness with 
F hydatis was 78%, several biochemical discrep- 
ancies with this species led the authors to pro- 
pose the name “[Cytophaga] allerginaC (Liebert 
et al., 1984). Fatty acid analysis, whole-cell 
protein profile, and DNA-rRNA hybridization 
(Bernardet et al., 1996), as well as a rather 
high DNA relatedness with F johnsoniae (J.-F. 
Bernardet, unpublished data), confirmed the 
relationships of “[C] allerginaC with members 
of the genus Flavohacterium (see the section 
Taxonomy in this Chapter). To our knowledge, 
no other case of lung disease in humans related 
to such organisms was reported since then. 
However, since bacterial strains closely affiliated 
to F johnsoniae and F succinicans were shown 
to occur intracellularly in amoebae retrieved 
from drinking water in hospitals and from a 
human corneal sample (Muller et al., 1999; Horn 
et al., 2001), other human pathology may 
possibly result from the close contact with such 
endocytobionts. 

Veterinary Medicine 

Although some members of the genus Flavobac- 
terium are part of the normal bacterial flora in 
the mucus at the surface of fish and fish eggs 
(see the section Habitat and Ecology in this 
Chapter), several Flavobacterium species exhibit 
various degrees of pathogenicity for fish. To date, 
freshwater fish are the only animals known to be 
extensively affected by flavobacterial diseases, 
although infections in newt (Brown et al., 1997) 
and frog tadpole (Bullock et al., 1971) were 
exceptionally reported. Wild fish may be 
infected (Lehmann et al., 1991; Wiklund et al., 
1994; lida and Mizokami, 1996), but farmed fish 
are particularly exposed to these diseases owing 
to the high density of fish in farms and to the 
extensive national and international trade in fish 
and fish eggs. The fish-pathogenic Flavobacte- 
rium species are listed below in the order of 
decreasing economic significance. Data on cul- 
tural, phenotypical, serological, and molecular 
characteristics of these pathogens, as well as on 
their antibiotic susceptibility, are provided in 
other sections in this chapter and in Tables 2, 3 
and 4; additional information may also be found 
in recent reviews (Austin and Austin, 1999; 
Shotts and Starliper, 1999). The terms used by 
fish farmers and fish pathologists to designate 



these bacteria reflect the great taxonomic and 
nomenclatural confusion that long characterized 
this bacterial group. Owing to the fact that 
spheroplasts were mistaken for microcysts and 
bacterial clumps for fruiting bodies (see the 
section Identification in this Chapter), fish 
pathogens were wrongly attributed to the 
fruiting gliding bacteria and the global term 
“myxobacteria” was consequently used (and still 
frequently is). Such generic epithets as Chondro- 
coccus or Cytophaga were also commonly used 
for the most important fish pathogens until they 
were classified in the genus Flexibacter on the 
basis of phenotypic characteristics (Bernardet 
and Grimont, 1989) and finally in the emended 
genus Flavobacterium after extensive genomic 
and phylogenetic studies (Bernardet et al., 1996; 
Bernardet et al., 2002). 

FLAVOBACTERIUM PSYCHROPHYLUM. 
Following the description of “peduncle disease” 
(see below) by Davis (1946), the responsible bac- 
terium was first isolated by Borg (1948), who 
named it [Cytophaga] psychrophila and studied 
it extensively (Borg, 1960). For the following 
decades, the disease seemed restricted to the 
United States and Canada (Borg, 1960; Holt, 
1988). F psychrophilum was first recognized in 
Europe during the mid-eighties (Von Weis, 
1987; Bernardet et al., 1988) and subsequently 
appeared in all other major areas of salmonid 
aquaculture (Japan, Tasmania, and Chile) during 
the nineties; its distribution is now considered 
worldwide. It is suspected that the pathogen 
extended its geographical range through the 
international trade in fish and fish eggs 
(Wakabayashi et al., 1994; Kumagai and Taka- 
hashi, 1997). Nevertheless, F psychrophilum may 
also have occurred in some areas long ago, pass- 
ing unnoticed because it was not responsible for 
serious outbreaks before intensive farming was 
put into practice and because media and temper- 
ature appropriate to its isolation were not com- 
monly used. In contrast to F columnare (see 
below), F psychrophilum mostly infects salmo- 
nid fish (as well as the related species called 
“ayu,” Plecoglossus altivelis, reared in Japan and 
Korea), although it may occasionally be isolated 
from eel, various cyprinids, and other fish species 
(Lehmann et al., 1991; lida and Mizokami, 1996; 
Amita et al., 2000; Izumi et al., 2003b) in which 
it usually causes less severe infections. Hence, 
resident non-salmonid fish species as well as 
salmonid fish having survived an outbreak 
(Dalsgaard and Madsen, 2000; Madetoja et al., 
2000) likely act as carriers or reservoirs of F 
psychrophilum for salmonids in the same river. 
The pathogen can survive starvation outside fish 
hosts: although its cultur ability and viability 
declined when maintained in stream water, 
growth was still possible after 36 weeks provided 
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a resuscitation step was performed (Vatsos et al, 
2003). Similarly, Madetoja et al. (2003) reported 
a survival capacity of more than 300 days in 
sterilized fresh water at 15°C even though the 
virulence declined much more rapidly. Conse- 
quently, R psychrophilum was detected in 
fish-farm water, river water, and algae growing 
at the surface of stones on riverbeds (Amita et 
al., 2000; Madetoja and Wiklund, 2002; Vatsos et 
al., 2002). However, the main sources of infec- 
tion are the high numbers of bacterial cells that 
are released into the water by infected and dead 
fish; disruption of the skin is likely a major inva- 
sion route into the fish, whereas oral contamina- 
tion trials using live feed as a vector did not 
succeed (Madetoja et al., 2000). E psychrophi- 
lum is currently one of the main bacterial patho- 
gens in reared and wild salmonids in temperate 
to cold water and is responsible for considerable 
economic losses in salmonid culture worldwide 
(Izumi et al., 2003b). Besides the above- 
mentioned general reviews of fish-pathogenic 
Flavobacterium species, much information on 
the diseases caused by E psychrophilum may be 
found in reviews focused on this pathogen 
(Dalsgaard, 1993; Holt et al., 1993; Nematollahi 
et al., 2003b). 

Several different pathological entities have 
been described depending on the fish species and 
size (Holt et al., 1993; Nematollahi et al., 2003b). 
In the classical form observed in Northern 
America since the forties in the two most sus- 
ceptible species, coho salmon (Oncorhynchus 
kisutch) and rainbow trout {Oncorhynchus 
my kiss), the area around the adipose fin becomes 
dark and eroded; pathological changes progres- 
sively extend to the whole caudal peduncle and 
to the tail, usually resulting in a deep ulcerative 
lesion exposing the spinal cord (Davis, 1946; 
Pacha and Ordal, 1970; Holt et al., 1993), and 
hence the name “peduncle disease” (Fig. 10). 
Similar lesions may occur around the dorsal fin; 
this particular location won the condition the 
name “saddleback disease.” 

The terms “bacterial cold-water disease” and 
“low temperature disease” are also frequently 
used since outbreaks usually occur when water 
temperature is below 10°C. When groups of 
experimentally infected salmonids were kept at 
3-23°C, the shortest time from infection to death 
was reported in the group kept at 12-15°C (Holt 
et al., 1989). In contrast to E columnar e infec- 
tions (see below), those caused by E psychro- 
philum rapidly become septicemic and the 
bacterium may be isolated from internal organs 
such as the spleen and kidney. Mortality may 
reach up to 50% in coho salmon fingerlings and 
20% in larger fish (Holt, 1988). Gill damage due 
to E psychrophilum (which is less severe than 
that due to E columnare or E hranchiophilum 
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Fig. 10. “Peduncle disease” caused by F. psychrophilum. 
Extensive necrotic lesions may appear in various locations 
on the body of infected fish, including the caudal peduncle. 
On this young rainbow trout, extracellular enzymes of the 
pathogen have destroyed the skin, connective tissue and 
muscle, revealing the spinal column. 



infections [see below]) has been reported in sev- 
eral salmonid species in Ontario (Ostland et al., 
1999). Nervous forms of this disease are also 
known in the United States: young salmon and 
trout having recovered from acute infection 
displayed ataxia and spiral swimming behavior 
stemming from compression of nervous tissue by 
cranial lesions and spinal deformities; in such 
cases, osteitis, osteochondritis, meningitis and 
myeloencephalitis were noted (Kent et al., 1989; 
Meyers, 1989; Ostland et al., 1997). Such clinical 
signs as anemia, exophthalmia, necrotic scleritis, 
and skin bullae or blisters evolving into cavern- 
ous ulcers due to necrotic myositis were also 
reported (Lumsden et al., 1996; Ostland et al., 
1997; Ostland et al., 2000). In Europe, although 
cases of typical cold-water disease were occa- 
sionally reported in table-size rainbow trout 
(Dalsgaard, 1993; Wiklund et al., 1994; Madetoja 
et al., 2001), E psychrophilum infection is mostly 
a concern in rainbow trout fry and fingerlings; 
hence the terms “rainbow trout fry syndrome” 
(RTFS) and “fry mortality syndrome” (FMS; 
see Nematollahi et al. [2003b] and references 
therein). These conditions may result in high to 
very high mortality (i.e., 20-70%). Infection is 
septicemic and fish usually display only limited 
and nonspecific clinical signs such as anemia, 
lethargy, loss of appetite, dark color, and exoph- 
thalmia (Lorenzen, 1994), although fin erosion, 
blisters (from which E psychrophilum may be 
isolated in pure culture; J.-F. Bernardet, unpub- 
lished data), ulcers, as well as mouth and eye 
lesions may also occur in fingerlings (Von Weis, 
1987; Bernardet and Kerouault, 1989; Lehmann 
et al., 1991; Dalsgaard, 1993; Lorenzen, 1994; 
Martinez et al., 2004). The most consistent 
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Fig. 11. Flavo bacterium psychrophilum in a fish spleen 
macrophage. A spleen imprint from a rainbow trout with 
hemorrhagic septicemia caused by F psychrophilum reveals 
numerous bacterial cells in the vacuoles of a macrophage 
(May-Grunwald-Giemsa, x450). 



internal sign is a severe splenic hypertrophy; in 
spleen imprints or histological preparations, 
numerous bacterial rods are dispersed in the 
parenchyma throughout the tissue (Rangdale et 
al, 1999; Ekman and Norrgren, 2003; Ekman et 
al, 2003) as well as located within phagocytes 
and endothelial cells in the spleen, liver, heart, 
and kidney (Lehmann et al, 1991; Ekman and 
Norrgren, 2003; Ekman et al, 2003; Fig. 11). 

The presence of bacteria in the spleen tissue is 
considered pathognomonic for RTFS together 
with the replacement of the border of the spleen 
by a loose eosinophilic layer, fibrinous inflamma- 
tion, and intercellular edema (Rangdale et al., 
1999). Clinical signs and pathological findings 
were similar in the three salmonid species exper- 
imentally infected (Ekman and Norrgren, 2003). 
Following intraperitoneal injection of E psychro- 
philum cells to rainbow trout, epifluorescence 
microscopy revealed that the intracellularly 
located bacteria in the spleen of fry were still 
viable and increased in number with time, sug- 
gesting that the ability of bacteria to escape from 
the bactericidal mechanisms of phagocytes and 
to be protected against the humoral defense 
mechanisms of the host could explain, at least 
partly, why fry display clinical signs and suffer 
mortality. Conversely, older fish displayed no 
sign of infection and no bacteria were detected 
in their spleen phagocytes (Decostere et al., 
2001). Wiklund and Dalsgaard (2003) showed 
that 1) the E psychrophilum cells associated with 
kidney phagocytes of large rainbow trout in vitro 
were rapidly destroyed, 2) the differences in 
association with the phagocytes were not clearly 
related to the serotype or virulence of the strains, 
and 3) a phagocyte toxin was not necessary for 
the virulence. 



Besides the resistance to the defense mecha- 
nisms of the fish, several other factors have been 
suggested to explain the virulence of E psychro- 
philum (see Dalsgaard [1993] and Nematollahi 
et al. [2003a] and references therein) and its 
wide variation among strains (Holt, 1988; Faruk, 
2000). Adherence is likely the initial step of 
infection. The adherence of E psychrophilum, 
studied on a gill perfusion model, was influenced 
by water temperature and chemical composi- 
tion; also, a high virulence strain attached more 
readily than a low virulence one (Nematollahi et 
al., 2003a). The adhesion of E psychrophilum to 
the eggs of rainbow trout (Vatsos et al., 2001) 
and to the body surface of ayu (Kondo et al., 
2002) was also studied; initial attachment of the 
bacterium was shown to occur preferentially on 
the jaw and caudal peduncle, which are precisely 
the locations of some of the most typical lesions. 
However, the role of the slime layer of E 
psychrophilum in the adhesion process (unlike 
that of E columnar e [see below]) has not yet 
been demonstrated (Nematollahi et al., 2003b). 
Surprisingly, when the adhesion of E psychro- 
philum to mucus preparations from rainbow 
trout esophagus, stomach, intestine, gills and 
skin was compared to that of other fish- 
pathogenic bacteria, it proved to exhibit the low- 
est adhesion ability, a detectable adhesion being 
only reported to mucus from stomach and intes- 
tine (Nikoskelainen et al., 2001). The ability of 
E psychrophilum to agglutinate and hemolyze 
rainbow trout erythrocytes (Lorenzen, 1994; 
Lorenzen et al., 1997) may explain, at least par- 
tially, the severe anemia that occurs in infected 
fish. Recently, a sialic acid-binding lectin was 
shown to be involved in the hemagglutinating 
properties exhibited by E psychrophilum 
strains belonging to some serotypes (Mpller et 
al., 2003). The extracellular proteases (Otis, 
1984; Holt, 1988; Bertolini and Rohovec, 1992; 
Bertolini et al., 1994; Nomura and Ohara, 1994; 
Newton et al., 1997; Faruk, 2000; Ostland et al., 
2000; Secades et al., 2001; Secades et al., 2003) 
and chondroitin lyase (Otis, 1984) produced by 
E psychrophilum are certainly important viru- 
lence factors which may explain to some degree 
the extensive necrotic lesions displayed by 
diseased fish (see the section Identification in 
this Chapter). Scanning electron microscopy 
investigations of infected fin rays of Atlantic 
salmon revealed that erosion of the ray axis 
resulted from the formation of grooves and 
tubular boreholes likely caused by E psychro- 
philum extracellular proteases (Martinez et al., 
2004). Among the various proteolytic capacities 
of E psychrophilum, the elastin-degrading 
capacity in particular has been suggested as a 
virulence factor, since the mortality rates in 
groups of rainbow trout experimentally infected 
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with an elastin-positive strain were significantly 
higher compared to those of groups infected 
with an elastin-negative strain; a certain correla- 
tion was also found between the elastin-degrad- 
ing capacity and the serotype of the strains 
studied (Madsen and Dalsgaard, 1998). How- 
ever, the opposite result was observed when 
rainbow trout eggs were injected with R psy- 
chrophilum strains with or without elastin- 
degrading capacity, suggesting that other viru- 
lence factors are involved in the virulence of the 
pathogen (Ekman et al., 2003). It has also been 
suggested that the lytic activity displayed by E 
psychrophilum strains against other bacterial 
species may constitute an advantage, indirectly 
contributing to its virulence (Nematollahi et al., 
2003a). Wiklund and Dalsgaard (2002) showed 
that virulent as well as nonvirulent strains of E 
psychrophilum were resistant to the action of 
the complement present in the serum of rainbow 
trout. Although the structure of the lipopolysac- 
charide of E psychrophilum was recently deter- 
mined (Crump et al., 2001; MacLean et al., 2001; 
see the section Identification in this Chapter), its 
role in pathogenesis has not been evaluated. A 
certain relationship between serotype, ribotype, 
and virulence was found in E psychrophilum 
isolates; however, virulence was not clearly cor- 
related to the plasmid content (Madsen and 
Dalsgaard, 2000; see the section Identification in 
this Chapter). 

The diagnosis of E psychrophilum infections 
usually relies on the isolation of the pathogen, 
preferably from internal organs (see the section 
Isolation and Cultivation in this Chapter), and 
on its identification using phenotypical and 
serological characteristics (see the section 
Identification in this Chapter). The molecular 
techniques available to specifically detect the 
bacterium in infected tissue and to identify iso- 
lates are listed in the section Identification. 
Serological methods such as ELISA (Rangdale 
and Way, 1995; Faruk, 2000), immunohis- 
tochemistry (Evensen and Lorenzen, 1996; 
Ekman and Norrgren, 2003), and immunofluo- 
rescence (Lorenzen and Karas, 1992; Amita et 
al., 2000; Faruk, 2000) have been devised to 
detect E psychrophilum in fish tissue and to 
reveal antigenic differences between isolates. 

E psychrophilum has long been suspected 
to be vertically transmitted from brood fish to 
progeny, i.e., within fish eggs. If confirmed, ver- 
tical transmission associated with the interna- 
tional trade in fish eggs would help explain the 
dramatic worldwide spread of rainbow trout fry 
syndrome within only a few years despite dis- 
infection procedures routinely applied to eggs 
(Izumi and Wakabayashi, 1997; Kumagai and 
Takahashi, 1997). The detection using cultivation 
and/or molecular methods of E psychrophilum 



in the coelomic fluid and at the surface of the ova 
of infected female salmonids, as well as in the 
milt of certain males, is well documented (Holt, 
1988; Lorenzen, 1994; Rangdale et al., 1996; 
Brown et al., 1997; Izumi and Wakabayashi, 
1997; Kumagai and Takahashi, 1997; Ekman et 
al., 1999; Amita et al., 2000; Baliarda et al., 2002; 
Taylor, 2004). However, since E psychrophilum 
is embedded in the mucus at the surface of the 
egg, a complete disinfection is difficult to achieve 
(Brown et al., 1997; Kumagai and Takahashi, 
1997) and thus transmission within disinfected 
eggs rather than on their still-infected or re- 
infected surfaces is difficult to demonstrate. The 
strongest evidence for in ovo transmission of E 
psychrophilum came from Brown et al. (1997), 
who reported the isolation of the pathogen from 
crushed steelhead trout eggs after they were dis- 
infected using iodine compounds and after the 
sterility of their surface was verified by a 72-h 
incubation in an appropriate broth medium. The 
same authors also demonstrated that E psychro- 
philum is resistant to concentrations of lysozyme 
greater than those found within salmonid eggs 
and that the pathogen is able to survive within 
the content of the eggs. Injection of infected 
females with erythromycin or tetracycline prior 
to fecundation did not significantly reduce 
the proportion of infected eggs (Brown et al., 
1997; Roberts, 1998). Recent investigations by 
Kumagai et al. (2000) using immunofluorescence 
on frozen sections of experimentally infected 
coho salmon eggs and by Taylor (2004) using a 
nested PCR assay on yolk material from four 
different naturally infected Pacific salmonid 
species also succeeded in revealing E psychro- 
philum cells within the eggs. Nanoinjection of 
E psychrophilum in rainbow trout eggs was 
recently used to mimic vertical transmission and 
to compare the virulence of two strains (Ekman 
et al., 2003). 

The study of the pathogenesis of E psychro- 
philum infections and the evaluation of candi- 
date vaccines (see below) were made possible 
by various experimental infection and challenge 
models reviewed by Nematollahi et al. (2003b). 
Clinical disease was successfully reproduced 
using subcutaneous, intramuscular, or intraperi- 
toneal injection of bacterial suspensions, but 
these routes were criticized for not being natural 
and for bypassing the surface defense mecha- 
nisms of the fish. To better approximate the nat- 
ural route of infection, other infection models 
were devised, using cohabitation with diseased 
fish or immersion in bacterial suspensions. These 
procedures usually failed to induce infection, 
except when fish were previously stressed some- 
how (see Madetoja et al. [2000], Busch et al. 
[2003], and Nematollahi et al. [2003b] and refer- 
ences therein); yet, skin injury or osmotic stress 
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did not significantly increase the mortality of 
rainbow trout submitted to a bath infection 
(Garcia et al, 2000). Presence of ectoparasites 
was expected to favor the penetration of E psy- 
chrophilum in fish through the microlesions they 
cause on the skin; however, no distinct enhance- 
ment of infection could be demonstrated in rain- 
bow trout fry bathed in a bacterial suspension 
and exposed to a monogenean ectoparasite com- 
pared to fry only exposed to the bacterium 
(Busch et al., 2003). 

Although the mucus and serum of infected 
rainbow trout were shown to contain specific 
antibodies against R psychrophilum, the 
number of bacterial cells incubated in the serum 
decreased only slightly, suggesting that high lev- 
els of antibodies alone do not provide protection 
against the pathogen and that stimulation of 
nonspecific immune factors is necessary to 
achieve nearly complete protection (LaFrentz 
et al., 2002; Wiklund and Dalsgaard, 2002). 
The inability of antibodies to provide complete 
protection was also demonstrated by the partial 
success of passive immunization experiments 
(LaFrentz et al., 2003). Among the vaccination 
attempts to prevent E psychrophilum infections 
(see the reviews by Bernardet [1997] and Nem- 
atollahi et al. [2003b]), injection of or immersion 
in formalin-killed bacterial cells has met with 
varying degrees of success. Recently, Kondo et 
al. (2003) have claimed to induce protection of 
juvenile ayu using an oral vaccination procedure. 
Mortality of ayu injected intraperitoneally 
with formalin-killed bacterin mixed with water- 
soluble adjuvants was significantly lower than 
that of un- vaccinated fish (Nagai et al., 2003; 
Rahman et al., 2003). Improved vaccines could 
result from the identification of several immuno- 
genic cell surface molecules (Crump et al., 2001) 
and from the characterization of the O-antigen 
of the E psychrophilum lipopolysaccharide 
(MacLean et al., 2001). Recently, a good protec- 
tion was obtained using the outer membrane 
protein of E psychrophilum as a vaccine 
(Rahman et al., 2002). Tlie major glycoprotein 
antigen purified from the bacterial cell mem- 
brane is another candidate for a subunit vaccine 
against E psychrophilum (Merle et al., 2003). 
Following the identification of several immuno- 
genic fractions of the bacterium using western- 
blot analysis of rainbow trout immune sera, 
immunization with the 70-100 kDa fraction 
resulted in a very good protection of fish 
(LaFrentz et al., 2004). Since antibodies in the 
serum of protected fish recognized high molecu- 
lar weight proteins and the O-polysaccharide 
component of the lipopolysaccharide, these anti- 
gens may be responsible for the protective 
immune response and could serve as vaccine 
candidates. Methods for the genetic manipula- 



tion of E psychrophilum are now available 
(Alvarez et al., 2004; see the section Genetics in 
this Chapter); they should facilitate the rational 
design of vaccine strains. 

Holt et al. (1993), Austin and Austin (1999), 
and Nematollahi et al. (2003b) have reviewed the 
different antibacterial drugs (e.g., sulfonamides, 
furans, oxytetracycline, and fiorfenicol) that may 
be used in the control of E psychrophilum infec- 
tions. Although antibacterial therapy remains 
the most effective control method, the progres- 
sive development of resistance to oxytetracy- 
cline, oxolinic acid and amoxicillin, as well as the 
importance of performing in vitro antimicrobial 
susceptibility testing, are well documented 
(Soltani et al., 1995; Bruun et al., 2000; Bruun et 
al., 2003; Dalsgaard and Madsen, 2000; Schmidt 
et al., 2000; see the section Identification in this 
Chapter). However, a recent survey of the sus- 
ceptibility of fish-pathogenic bacteria isolated in 
France to chloramphenicol and fiorfenicol found 
no resistant strain of E psychrophilum (Michel 
et al., 2003). Manipulation of water temperature 
or salinity has also been suggested to reduce the 
morbidity due to E psychrophilum infections in 
farmed fish (Soltani and Burke, 1994). 

FLAVOBACTERIUM COL UMNARE. 
Although different generic epithets were succes- 
sively used to designate it (see above and the 
comments to Table 1 in the chapter An Introduc- 
tion to the Family Flavobacteriaceae in this 
Volume), E columnare has long been recognized 
as an important fish pathogen in relatively warm 
freshwater worldwide, causing dramatic losses in 
a considerable variety of farmed and wild, food 
and ornamental fish. Tlie list of fish species which 
may be infected and the history of “columnaris 
disease,” as it is called by fish farmers and fish 
pathologists since its discovery by Davis (1922), 
may be found in the extensive literature devoted 
to this organism, particularly in recent reviews 
(Wakabayashi, 1993; Austin and Austin, 1999; 
Shotts and Starliper, 1999). Early reports of E 
columnare from seawater or marine fish (see 
Bullock et al. [1971] and references therein) 
were subsequently invalidated following the 
demonstration that the bacterium was unable to 
survive in seawater (Chowdhury and Wakaba- 
yashi, 1988); in fact, the organism responsible for 
“marine columnaris” was likely Tenacibaculum 
maritimum (see the chapter The Marine Glade 
of the Family Flavobacteriaceae: The Genera 
Aequorivita, Arenibacter, Cellulophaga, 
Croceibacter, Formosa, Gelidibacter, Gillisia, 
Maribacter, Mesonia, Muricauda, Polaribacter, 
Psychrofiexus, Psychroserpens, Robiginitalea, 
Salegentibacter, Tenacibaculum, Ulvibacter, 
Vitellibacter and Zobellia in this Volume). Even 
though the overall economic losses due to E 
psychrophilum worldwide are now far higher 
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than those caused by E columnare, the latter 
remains one of the most serious bacterial patho- 
gens in commercially reared channel catfish 
(Ictalurus punctatus) in the United States 
(Hawke and Thune, 1992; Newton et al., 1997) 
and in several tropical and/or ornamental fish 
(Decostere et al, 1998; Michel et al, 2002; 
Tfipathi et al., 2005). 

Many environmental and host-related factors 
(such as water temperature and composition, 
skin or gill damage, stress due to handling and 
high stocking density, and feed or oxygen depri- 
vation) may infiuence the impact of columnaris 
disease on fish populations (Pacha and Ordal, 
1970; Becker and Fujihara, 1978; Austin and 
Austin, 1999). Columnaris disease is usually 
problematic only in the warmer periods of the 
year: the optimum temperature for an outbreak 
is 20-30°C and mortality usually does not occur 
below 15°C, although highly virulent strains may 
still be pathogenic at lower temperatures (see 
Wakabayashi [1991] and references therein). 
Field studies demonstrated that various species 
of feral fish serve as reservoir of infection (Pacha 
and Ordal, 1970; Becker and Fujihara, 1978; 
Wakabayashi, 1991). The survival of E colum- 
nare in water depends on the concentration of 
various ions, on the presence of organic matter 
(such as particulate fish feeds on which the bac- 
terium grows well), and on the temperature 
(Wakabayashi, 1991). 

The pathology of columnaris disease has been 
extensively described (e.g.. Pacha and Ordal, 
1970; Amin et al., 1988; Shotts and Starliper, 
1999; Decostere et al., 2002) and gross clinical 
signs may help achieve diagnosis (Austin and 
Austin, 1999). The gross pathology in young fish 
infected by highly virulent E columnare strains 
is usually very limited; the gill is the major site 
of damage, but the body, mouth (Fig. 12), fins 




Fig. 12. Mouth lesion in fish infected by F. columnare. Bac- 
teria have destroyed the floor of the oral cavity in a young 
rainbow trout; such necrotic lesions (“mouth rot”) are com- 
mon and may also affect other parts of the body (“fin rot,” 
“tail rot,” skin ulcers, etc.). 



and tail are also frequently damaged. In adult 
fish, yellowish areas of necrotic tissue appear in 
the gills, eventually destroying completely the 
gill filament (Fig. 13). 

Lesions on the body begin as small eroded and 
hyperemic areas which progressively extend to 
large ulcerative and hemorrhagic necrotic lesions 
exposing the underlying muscle tissue. A partic- 
ular aspect of columnaris disease in salmonids is 
named “saddleback” because the lesion is typi- 
cally located around the dorsal fin (Cone et al., 
1980; Morrison et al., 1981). In severe cases of 
E columnare infection, a septicemia may also 
occur. In tropical ornamental fish, columnaris 
disease is frequently called “cotton-wool” dis- 
ease or “mouth fungus” since the filaments com- 
posed of numerous bacterial cells emerge from 
the lesions; however, recent descriptions of 
columnaris disease in three different tropical fish 
species only mentioned local skin discoloration, 
with or without ulceration, and degeneration of 
muscle fibers (Decostere et al., 1998; Michel et 
al., 2002). When fragments of infected fish tissue 
are examined under the microscope in wet 
mounts, great numbers of bacterial cells are 




Fig. 13. Gill necrosis in carp caused by F. columnare. Yellow- 
ish necrotic lesions in the gills of a heavily infected common 
carp (A). Under the stereomicroscope (xlO), gill tissue 
appears completely destroyed by the extracellular enzymes 
of F. columnare, and yellow bacterial growth progressively 
invades the gills (B). 
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Fig. 14. Direct microscopic examination of a fragment of E 
columnare-inf&ct&d tissue. Under phase-contrast microscopy 
(xlOOO), a fragment of infected skin tissue from neon tetra 
(Paracheirodon innesi) shows numerous actively gliding bac- 
terial cells; the dense, column-like masses of gliding bacterial 
cells frequently found on the surface of infected tissue are at 
the origin of the specific epithet ''columnareP 

observed, slowly gliding and aggregating in 
columnar masses, from which the specific epithet 
of F. columnar e is derived (Fig. 14). Histopa- 
thology of columnaris disease was described in 
several fish species (Pacha and Ordal, 1967; 
Cone et al., 1980; Morrison et al., 1981; Amin 
et al., 1988; Shamsudin, 1994; Decostere et al., 
1999; Tripathi et al., 2005). 

Flavohacterium columnare may usually be 
readily isolated from external lesions, provided 
samples are taken from the edge of recent 
lesions and streaked on convenient media (see 
the section Isolation and Cultivation in this 
Chapter). When columnaris disease reaches a 
septicemic phase, the bacterium may also be 
isolated from internal organs, preferably spleen 
or kidney (Morrison et al., 1981; Hawke and 
Thune, 1992; Decostere et al., 1998; Tripathi et 
al., 2005). Although different colony types may 
occur (Song et al., 1988a; Shamsudin and Plumb, 
1996), most F columnare strains may be readily 
identified from their typical colonies on Anacker 
and Ordal’s agar (Anacker and Ordal, 1955). 
These are pale greenish yellow, flat, spreading, 
with more or less rhizoid margins, are adherent 
to the agar, and may appear warty or elevated at 
the center (Pacha and Ordal, 1970). The gliding 
motility in liquid culture is also easy to observe 
and those who know this organism well recog- 
nize its odor. Of course, additional tests are nec- 
essary for an accurate identification (see other 
sections in this chapter and Table 4). Various 
PCR techniques have been proposed to detect F 
columnare in the tissue of diseased fish or to 
identify isolates (Toyama et al., 1996; Nilsson 
and Strom, 2002; Tiirola et al., 2002; Darwish et 
al., 2004; Tripathi et al., 2005; see also the section 
Isolation and Cultivation in this Chapter). The 



typing of F columnare isolates may be achieved 
using biochemical, serological and molecular 
techniques; early descriptions of bacteriocin and 
phage typing were also published (see the 
section Identification in this Chapter). 

Columnaris disease was experimentally repro- 
duced using different routes. These experiments 
showed F columnare strains exhibit various 
degrees of virulence: highly virulent strains 
killed all experimental fish within 24 h while 
strains exhibiting a low virulence required over 
96 h to reach 100% mortality; some of the least 
virulent F columnare strains failed to infect the 
fish unless their skin was previously scarified or 
did not kill the fish at all (Pacha and Ordal, 1970; 
Amin et al., 1988; Shamsudin, 1994; Chowdhury, 
1995; Decostere et al., 1999; Tripathi et al., 2005). 
Extensive external lesions only appear when the 
disease lasts several days, i.e., when it is caused 
by strains with low or moderate virulence. 
Although the virulence mechanisms of F colum- 
nare are far from completely elucidated, several 
putative virulence factors have been studied. No 
correlation was found between the degree of 
virulence and such epidemiological markers as 
serotypes (Pacha and Ordal, 1970), plasmid or 
RAPD profiles, and ribotypes (see the section 
Identification in this Chapter). The various 
enzymes, such as extracellular proteases 
(Newton et al., 1997) and chondroitin AC lyase 
(Stringer-Roth et al., 2002), produced by F 
columnare are presumably responsible for the 
extensive necrotic lesions (see the section Iden- 
tification in this Chapter), and a correlation was 
indeed found between the degree of virulence 
and that of chondroitin AC lyase activity 
(Stringer-Roth et al., 2002). The adherence of 
F columnare was extensively studied in vivo 
(Decostere et al., 1999) and ex vivo using a 
model of isolated gill arches (Decostere et al., 
1999; Decostere et al., 1999); these studies dem- 
onstrated that 1) the adhesion of bacterial cells 
to the gill tissue was an important step in patho- 
genesis, 2) adhesion was favored by the presence 
of nitrite or organic matter in the water and by 
high water temperatures, and 3) a high virulence 
strain adhered more readily than a low virulence 
one. The role of adherence in pathogenesis was 
further substantiated when a decrease in viru- 
lence was observed in fish challenged with 
an adhesion-defective mutant of F columnare 
obtained by serial passages on an ampicillin- 
enriched medium (Bader et al., 2005). Adher- 
ence ability of F columnare was correlated to its 
hemagglutination capacity, and a lectin-like com- 
ponent of the capsule was responsible for the 
attachment of the bacterium to gill tissue; more- 
over, the capsule was thicker and denser in 
highly virulent strains than is low virulence ones 
(Decostere et al., 1999). Nevertheless, according 
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to MacLean et al. (2003), the adhesins involved 
have not been definitely identified; possible 
candidates are the lipopolysaccharide, the cap- 
sule, the fimbriae, or other appendages of the 
bacterium. 

The control of columnaris disease is difficult to 
achieve and outbreaks frequently occur in the 
same river, lake or fish farm when environmental 
conditions are adequate; healthy fish may be 
infected by resident carrier fish, by bacteria sur- 
viving in the environment, or by recently intro- 
duced infected fish. The facts that rainbow trout 
surviving a columnaris disease outbreak were 
resistant to a re-exposure the following year 
(Becker and Fujihara, 1978) and that channel 
catfish, rainbow trout and tilapia injected with 
suspensions of heat- or formalin-killed virulent 
strains produced specific antibodies in plasma 
and skin mucus (Fujihara and Nakatani, 1971; 
Schachte and Mora, 1973, Grabowski et al., 
2004) have led to various vaccination trials. 
Although bath or parenteral vaccination of fish 
against columnaris disease with killed whole-cell 
bacterins have shown some promise (Fujihara 
and Nakatani, 1971; Moore et al., 1990; Bernar- 
det, 1997), the protection is neither strong nor 
long lasting, and better vaccines are needed. As 
suggested by Newton et al. (1997), detoxified 
proteases of R columnare could possibly be more 
effective antigens. Seven outer membrane pro- 
teins, some of them common to all F. columnare 
isolates, were strongly recognized by antibodies 
in the serum of convalescent channel catfish; 
they may also prove useful in developing an 
improved vaccine (Davidson, 1996). Rabbit anti- 
sera raised against the outer membrane proteins 
of R columnare were used to screen an expres- 
sion library of the bacterium; two genes, encod- 
ing a zinc metalloprotease (possibly representing 
a new family of zincins) and a prolyl oligopeti- 
dase (Pop), both membrane-associated, were 
identified (Xie et al., 2004). Comparison of 
immunodominant antigens in whole-cell lysates 
of R columnare showed that formalin treatment 
(but not pressure treatment) inactivates one of 
the protein antigens (Bader et al., 1997). The 
recently characterized lipopolysaccharide O- 
polysaccharide antigen and the glycopeptides of 
R columnare may also provide target molecules 
for vaccines (MacLean et al., 2003; Vinogradov 
et al., 2003). The modification of water tempera- 
ture and salinity has been proposed as a control 
method during outbreaks of columnaris disease, 
when possible (Holt et al., 1993; Soltani and 
Burke, 1994). Chemotherapy remains the most 
widely used control method in fish farms, but 
very few antibiotics are at the same time autho- 
rized for use in fish, nontoxic to fish, and actually 
effective in vivo despite demonstration of in 
vitro activity against R columnare (Soltani et al.. 



1995; see the section Identification in this Chap- 
ter). Oxytetracycline is commonly used in feed 
or as a bath for external infections; oral admin- 
istration of oxolinic acid, sulfonamides or flor- 
fenicol is also recommended (Wakabayashi, 
1993; Austin and Austin, 1999; Shotts and Starli- 
per, 1999). Bath, flush or dip treatments with 
various disinfectants (sodium chloride, copper 
sulfate, potassium permanganate, hydrogen per- 
oxide, chloramine-T, quaternary ammonium 
compounds, Diquat, etc.) have met with varying 
degrees of success (Altinok, 2004; Thomas-Jinu 
and Goodwin, 2004). After having been advo- 
cated as a strategy to control infectious diseases 
of channel catfish, withholding feed has been 
shown to actually reduce the resistance of fish to 
R columnare (Shoemaker et al., 2003). 

FLAVOBACTRRIUM BRANCHIOPHR 
L UM. Although R columnare, R psychrophilum 
and presumably R hydatis are able to cause bac- 
terial gill disease in various fish species (see the 
corresponding paragraphs), a different, nonglid- 
ing, yellow filamentous organism first recognized 
from gill disease in salmonids in Japan (Kimura 
et al., 1978) is actually the main causative agent. 
Following the identification of other, serologi- 
cally different strains from similar cases in 
Oregon (Wakabayashi et al., 1980) and from gill 
disease in rainbow trout, sheatfish, and silver 
carp in Hungary (Farkas, 1985), comparative 
studies of representative isolates originating 
from these three geographic areas resulted in the 
description of the new species Flavo bacterium 
hranchiophila (Wakabayashi et al., 1989), which 
was rapidly corrected to hranchiophilum (Von 
Graevenitz, 1990). The new pathogen was also 
recognized in Ontario, Canada, as the causative 
agent of gill disease, one of the most important 
conditions affecting the salmonid industry in this 
region (Ferguson et al., 1991; Turnbull, 1993; 
Ostland et al., 1994). More recently, cases were 
also identified in Korea (Ko and Heo, 1997). As 
for R psychrophilum, it is difficult to know 
whether what appears to be a fast, worldwide 
diffusion of a new pathogen could actually be 
only related to improvements in the isolation 
and identification of a long-established bacterial 
species after fish pathologists became aware of 
the disease in other parts of the world. Bacterial 
gill disease was reproduced experimentally in 
various fish species (Wakabayashi et al., 1980; 
Ferguson et al., 1991; Ostland et al., 1995). His- 
topathological changes in infected gills were 
evaluated and the ability of all R hranchiophilum 
strains to attach to the gills was demonstrated, 
although only virulent strains were able to 
further colonize the gills and cause mortality 
(Turnbull, 1993; Ostland et al., 1995). Contrary 
to the two above-mentioned fish pathogens, R 
hranchiophilum is considered noninvasive and is 
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usually not isolated from internal organs; it is 
a relatively fastidious organism, easily over- 
grown by other bacteria (Turnbull, 1993). The 
virulence for gills was connected to the various 
enzymatic and hemagglutinating activities 
detected in the extracellular products (Ototake 
and Wakabayashi, 1985) which affect respiratory 
functions of rainbow trout (Wakabayashi and 
Iwado, 1985). Serological studies (see the section 
Identification in this Chapter) made possible the 
use of immunofluorescence and ELISA to spe- 
cifically detect and quantify E branchiophilum at 
the gill surface (Heo et al., 1990; MacPhee et al., 
1995). Indirect enzyme immunoassay showed 
that infected fish produce serum and gill-surface 
antibodies (Lumsden et al., 1993); however, 
intermittent occurrence of gill disease outbreaks 
in the same fish population suggested that 
surviving fish are not protected against the 
pathogen (Heo et al., 1990). Nevertheless, immu- 
nization trials (reviewed by Bernardet, 1997) 
showed that the local gill immune response was 
probably responsible for the significant reduc- 
tion in gill-associated E branchiophilum and for 
the partial protection seen in bath-vaccinated 
fish challenged with relatively low numbers of 
bacteria (Lumsden et al., 1994). The use of NaCl 
(Heo et al., 1990), H 2 O 2 (Derksen et al., 1999), 
formalin and chloramine-T (Ostland et al., 

1995) , and nifurpirinol (now banned; Ostland et 
al., 1989) was evaluated for the bath treatment 
of bacterial gill disease and has met with varying 
degrees of success (Turnbull, 1993; Shotts and 
Starliper, 1999). 

ELAVOBACTERIUM JOHNSONIAE. 
[Cytophaga\ johnsonae was long known as a 
common soil organism involved in the degrada- 
tion of various biomacromolecules (Stanier, 
1947; Reichenbach, 1989). It was later trans- 
ferred to the genus Elavobacterium and its 
specific epithet was corrected (Bernardet et al., 

1996) . After strains isolated from diseased fish 
were first mentioned by Christensen (1977), 
similar strains were frequently recognized in 
external lesions of different fish species world- 
wide (Rintamaki-Kinnunen et al., 1997; J.-F. 
Bernardet, unpublished data). The best descrip- 
tion of a fish disease caused by E johnsoniae was 
published following its isolation in pure culture 
from extensive skin lesions in juvenile farmed 
barramundi (Lates calcarifer) in Australia 
(Carson et al., 1993). However, the fact that this 
outbreak occurred in intensive farming condi- 
tions after an increase in suspended solids in the 
water and a sudden drop in water temperature 
indicated that special conditions had to be met 
for E johnsoniae to become pathogenic. This was 
confirmed when experimental infection trials in 
various fish species were shown to be effective 
only in barramundi and then only when fish were 



challenged after being submitted to a drop in 
water temperature (Soltani et al., 1994). Hence, 
these studies confirmed E johnsoniae as an 
opportunistic pathogen. Although phenotypic 
and chemotaxonomic (i.e., whole-cell protein 
profiles and fatty acid analysis) investigations of 
a collection of fish isolates showed they were 
indeed highly related to E johnsoniae, only 
rather low DNA relatedness was found between 
the isolates tested and the type strain (J-F. 
Bernardet, unpublished data). Hence, pending 
further research, such strains should preferably 
be referred to as “F johnsoniae-likcE Since a 
certain degree of heterogeneity was noticed 
between the strains available in culture collec- 
tions (Bernardet et al., 1996), the splitting of E 
johnsoniae into two or several species may be 
necessary in the future. 

OTHER ELAVOBACTERIUM SPECIES. 
Several other so-called Elavobacterium species 
have been either retrieved from fish or described 
as fish pathogens; however, most of them have 
subsequently been moved to other or new gen- 
era, and they have not been involved in any out- 
break since their original description. 

Several Elavobacterium-liko organisms were 
described from diseased marine fish; for instance, 
''[Elavobacterium] piscicidaC isolated from vari- 
ous fish species in Florida, was subsequently 
reclassified as "[Pseudomonas] piscicida'' and 
finally as Pseudoalteromonas piscicida (see 
Bernardet [1998] and references therein; the 
chapter The Genus Alteromonas and Related 
Proteobacteria in Volume 6). 

[Elavobacterium] balustinum was originally 
isolated from the surface of dead fish; the current 
opinion is that this organism was a fish spoilage 
agent rather than a pathogen (see Austin and 
Austin [1999] and references therein). It was 
moved to the genus Chryseobacterium as C. bal- 
ustinum after further taxonomic investigations 
(Vandamme et al., 1994). 

A new bacterial species isolated from turbot 
(Scophthalmus maximus) and seawater in 
Scotland was first named "[Elavobacterium] 
scophthalmum'' (Mudarris et al., 1994); this bac- 
terium, responsible for gill disease and hemor- 
rhagic septicemia, was also transferred to the 
genus Chryseobacterium as C. scophthalmum 
(Vandamme et al., 1994). 

A related bacterium, although not isolated 
from fish, should be mentioned: an organism 
responsible for hemorrhagic septicemia in 
farmed bullfrog {Rana catesbeiana) in Taiwan 
was characterized and named "[Elavobacte- 
rium] ranacida'' (see Faung et al. [1996] and 
references therein); recently, this organism 
was identified as Chryseobacterium menin- 
gosepticum (J.-F. Bernardet, unpublished data; 
for the three above-mentioned organisms, see 
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the chapter The Genus Chryseobacterium in 
this Volume). 

Three strains of a facultatively anaerobic 
gliding bacterium were isolated from skin lesions 
of salmon and from a water sample in a 
Washington state hatchery, characterized, and 
named ‘'[Cytophaga\ succinicans'' (Anderson 
and Ordal, 1961) in spite of phenotypic differ- 
ences between the three strains (Reichenbach, 
1989). Whole-cell protein profile and fatty acid 
content confirmed that one strain differs from 
the two others (Bernardet et al., 1996). No 
other strain of this bacterial species was ever 
described, and it was subsequently transferred 
to the genus Flavohacterium as E succinicans 
(Bernardet et al., 1996). Also isolated from 
external (i.e., gill) lesions in salmon in a Michi- 
gan hatchery, another facultatively anaerobic 
gliding bacterium was described as the new spe- 
cies [Cytophaga] aquatilis (Strohl andTait, 1978). 
This species was later transferred to the genus 
Flavohacterium under the new epithet F hydatis 
(Bernardet et al., 1996). Similar strains have 
frequently been isolated from external lesions 
(i.e., gill or fin necrosis, skin ulcers, etc.) of fish 
since then (e.g., Austin and Austin, 1999; J.-F. 
Bernardet, unpublished data). As in the case of 
F johnsoniae, the fish isolates were phenotypi- 
cally and chemotaxonomically similar to F 
hydatis in spite of rather low DNA relatedness 
between those that were tested and the type and 
only bona fide F hydatis strain available in cul- 
ture collections (J.-F. Bernardet, unpublished 
data); consequently, these strains should be 
referred to as “F /iyJatA-like.”The pathogenicity 
of F succinicans and F hydatis for fish was never 
actually demonstrated (Austin and Austin, 
1999); these organisms likely act as opportunistic 
pathogens, invading fish already weakened by 
other pathogens, poor farming conditions, or 
environmental disorders. 

Bacterial strains whose 16S rRNA gene 
sequence matched that of F frigidarium were 
recently identified among the bacterial commu- 
nity in amoebae-infested gill tissue of salmon, 
but the relative implication of bacteria and par- 
asites in the disease is not known (Bowman and 
Nowak, 2004). 

Applications 

Flavohacterium species produce a variety of 
enzymes (see the section Identification in this 
Chapter) that have potential biotechnological 
applications in processes involving the degrada- 
tion of such biomacromolecules as agar, alginate, 
chitin, laminarin, pectin, xylan, etc. For instance, 
a keratinase-producing Flavohacterium sp. was 
recently isolated from a poultry industry (Riffel 



and Brandelli, 2002). This organism was able to 
completely degrade raw feathers and could be 
used to hydrolyze keratin; however, its affiliation 
to the genus Flavohacterium was only based on 
a scant phenotypic study. Some bona fide mem- 
bers of the genus have particular biotechnologi- 
cal potential and ecological interest because they 
can produce cold-active enzymes (see the section 
Habitat and Ecology in this Chapter). 

Over the last few years, a number of algicidal 
bacteria were identified, especially in Japan; they 
have attracted much attention as possible tools 
to regulate the population of phytoplankton 
responsible for the “red tide” blooms, which fre- 
quently cause serious damage to the aquaculture 
industry in coastal seawaters. Some of these bac- 
teria were attributed to the genus Flavobacte- 
rium thanks to their 16S rRNA sequence; though 
isolated from seawater, these isolates did not 
require NaCl for growth (Maeda et al., 1998). A 
whole-cell hybridization method using fluores- 
cently labeled probes was developed for the 
specific detection and enumeration of another 
algicidal Flavohacterium sp. (Adachi et al., 2002). 

A F columnare-like organism capable of 
killing the cyst form of the protozoan parasite 
Giardia lamhlia was recently isolated from fresh- 
water (Rodgers et al., 2003). Provided the con- 
centration of Ca^^ in the medium was high and 
the bacteria and cyst were in direct contact, up 
to 80% of the cysts were destroyed within 48 h. 
Hence, such strains could be used as biological 
control agents against Giardia cysts in drinking 
water treatment plants. 

A biosurfactant-producing Flavohacterium sp. 
was isolated from samples of arid soil (Bodour 
et al., 2003). It produces a mixture of at least 37 
compounds representing a new class of biosur- 
factants, named “flavolipids,” exhibiting a unique 
polar moiety and strong and stable emulsifying 
and solubilizing activities; they have a variety of 
potential biotechnological and industrial appli- 
cations, for instance, in the remediation of con- 
taminated soils (Bodour et al., 2004). 

Studying the dynamics of bacterial community 
in a soil contaminated with petroleum hydro- 
carbons, Kaplan and Kitts (2004) noticed that 
organisms attributed to the genera Flavobacte- 
rium and Pseudomonas from their 16S rRNA 
gene sequence were most abundant during 
the fast degradation phase. This observation 
supported the importance of Flavohacterium 
spp. in the bioremediation of hydrocarbon- 
contaminated soils already reported by previous 
publications (Kaplan and Kitts, 2004 and 
references therein), although the identification 
of bacterial strains may not have been based on 
firm grounds in all these studies. 

The degradation potential of a Flavohacterium 
sp. strain on paper mill effluents was invest!- 
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gated; degradation appeared more effective after 
the bacterium was pre-treated with sinusoidal 
magnetic fields (Aarthi et al, 2004). 

A Flavohacterium sp. strain producing antifun- 
gal compounds may have some potential for the 
biocontrol of fungi responsible for the banana 
crown rot (Gunasinghe et al, 2004). 
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Introduction 

Bergeyella and Weeksella have a history of being 
a separate group of organisms in the 
flavobacteria-grouping. They were originally 
treated as one genus {Weeksella) with two 
species, namely, W. virosa (Holmes et al, 1986a) 
and W. zoohelcum (Holmes et al., 1986b). 
Since 1994, however, they were separated into 
two genera in the Flavobacteriaceae family 
(Vandamme et al., 1994) as discussed in the 
introductory chapter about this family (see the 
chapter An Introduction to the Family Flavobac- 
teriaceae in this Volume). Strains of both of these 
genera, especially Bergeyella with its frequent 
association with animal bite wounds, are found 
in clinical specimens. 

The aim of this chapter is to provide more 
detail on the taxonomy, phylogeny, habitat, iso- 
lation and preservation, identification, pathoge- 
nicity and applications of these two genera. 

Taxonomy and Phylogeny 

Formerly known as Centers for Disease Con- 
trol (CDC) groups Ilf {Weeksella) and Ilj 
{Bergeyella), these two genera were originally 
isolated and grouped by the late Elizabeth O. 
King and her successors (Tatum et al., 1974). 
These organisms have also been referred to as 
Flavobacterium Group 3 (Pickett and Manclark, 
1970a), Group 1 (Olsen and Ravn, 1971) and 
‘‘Flavobacterium genitale'' (Price and Pickett, 
1981). After Holmes and Owen (1979) emended 
the description of Flavobacterium, they found 
Groups Ilf and Ilj conformed to the emended 
description and later concluded that they proba- 
bly should be placed in a separate genus (1981). 
Dees et al. (1981) were of the opinion that Group 
Ilj and Group Ilf (1986) should be accommo- 
dated in Flavobacterium on the basis of cellular 
fatty acid composition. Other authors, however, 
regarded Group Ilj as intermediate in terms of 
its characteristics between the genera Brucella 
and Moraxella (Owen and Snell, 1973; Saphir 
and Carter, 1976; Bailie et al., 1978). 



In 1981, Holmes and Owen allocated the fla- 
vobacteria into four groups (the recent correct 
names of the organisms are given in square 
brackets): Group A {F balustinum [Chryseobac- 
terium balustinum', Vandamme et al., 1994], F 
breve [Empedobacter brevis', Vandamme et al., 
1994], F indoltheticum [Chryseobacterium indol- 
theticum', Vandamme et al., 1994], F mening- 
osepticum [Chryseobacterium meningosepticum', 
Vandamme et al., 1994], and remaining CDC 
Group Ilb strains). Group B {F odoratum 
[Myroides odoratus', Vancanneyt et al., 1996]), 
Group C (CDC Group Ilk, type 2 and “Group 
Ilk, type 3” [Sphingobacterium species; Yabuu- 
chi et al., 1983; Takeuchi and Yokota, 1992]), and 
Group D (CDC Groups Ilf and Ilj). The organ- 
isms in Group D were then frequently referred 
to as Flavobacterium-liko. 

In 1986, Holmes et al. proposed the names 
“Weeksella virosa'' (1986a) for strains belonging 
to CDC Group Ilf and “Weeksella zoohelcum" 
(1986b) for strains belonging to CDC Group Ilj, 
respectively. They also included these two spe- 
cies in the family Cytophagaceae, as had also 
been suggested earlier for the genus Flavobacte- 
rium (Callies and Mannheim, 1980). A number 
of subsequent studies (Holmes, 1992; Segers 
et al., 1993), however, found W. zoohelcum 
sufficiently different from W. virosa to constitute 
a different genus. After extensive genotypic, 
chemotaxonomic, and phenotypic studies, Week- 
sella zoohelcum was transferred to a new genus, 
namely Bergeyella zoohelcum (Vandamme et al., 
1994). Although both genera currently consist 
only of one species each, it has been suggested 
by other studies that more than one species, 
including environmental strains, could be allo- 
cated to these two genera (Botha et al., 1989; 
Botha et al., 1998a; Botha et al., 1998b). 

Habitat 

Clinical Isolates 

Both genera have had a clinical origin. They are 
not considered to be free-living but are regarded 
as constituents of the normal microflora of 
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mucous membranes of humans and other warm- 
blooded animals (Holmes et al, 1986a; Holmes 
et al, 1986b). 

The majority of strains of Bergeyella zoohel- 
cum examined by Tatum et al. (1974) was iso- 
lated from infected lesions from dog or cat bites 
or scratches. Other sources were blood, spinal 
fluid, and sputa of humans with or without a 
history of animal bites or scratches. The organ- 
ism has also been isolated from gingival scrap- 
ings of dogs (Saphir and Carter, 1976) as well as 
oral and nasal fluids of dogs (Bailie et al., 1978). 
In a recent review, Bergeyella zoohelcum is 
considered a component of the normal oral flora 
of dogs and other animals (Griego et al., 1995). 

Weeksella virosa has been isolated from 
human urine, cervix, vagina, Bartholin’s gland 
cysts, blood, umbilical stump, ears, urethra, and 
spinal fluid (Tatum et al., 1974). This organism, 
however, seems to be predominantly associated 
with the female genital tract (Holmes et al., 
1986a; Reina et al., 1989), and it appears to be 
more prevalent in sexually promiscuous women 
(Mardy and Holmes, 1988). There is no clear 
evidence of the pathogenic role of this organism. 

Environmental Isolates 

These two genera are not considered to be free- 
living in the environment, as stated above 
(Holmes et al., 1986a; 1986b). CDC Group Ilf- 
and Ilj-like strains have, however, been isolated 
from meat (Hayes, 1977) and dairy (Jooste et al., 
1985) sources. In subsequent studies, these 
strains could not be identifled as either 
Bergeyella zoohelcum or Weeksella virosa, but it 
was suggested that they could be included in one 
or more new species within these two genera 
(Botha et al., 1989; Botha et al., 1998a). 
Bergeyella- and Weeks ella-\\kQ organisms have 
been isolated from raw beef, pork, chicken 
and lamb portions, and it was suggested that 
three species may be necessary to accommodate 
the environmental Bergeyella- and Weeksella- 
like bacteria (Botha et al., 1998b). Weeksella-\WQ 
organisms were isolated from South African 
marine flsh and were considered to be spoilage 
organisms because they were associated with 
the production of stale or pungent odors 
(Engelbrecht et al., 1996). A Weeksella strain was 
also isolated from petroleum-contaminated soils 
(see the section Applications for more details in 
this Chapter; Xia et al., 2000). 

Isolation and Preservation 

The general (nonselective) isolation, mainte- 
nance and preservation media used for culturing 
members of the Flavobacteriaceae are discussed 



in detail by Jooste and Hugo (1999) and Hugo 
and Jooste (2003). 

Heart infusion medium containing 5% rabbit 
blood and other standard selective media may be 
used to isolate and cultivate the Bergeyella and 
Weeksella species (Dees et al., 1986; Jooste et al., 
1985; Weyant et al., 1996). Plate count agar con- 
taining 0.5% NaCl was used to isolate Weeksella- 
like organisms from South African marine 
fish (Engelbrecht et al., 1996). Cultivation of B. 
zoohelcum has been reported on 5% horse blood 
agar (Holmes et al., 1986b). 

Although no specific medium is known for the 
selective isolation of Bergeyella strains, (3- 
hydroxybutyrate agar may be used for the 
enumeration of Weeksella, Myroides, E. brevis 
and Chryseobacterium (Bernardet et al., 1996; 
Jooste and Hugo, 1999). MacConkey agar has 
also been used for the enumeration of Weeksella 
(Bernardet et al., 1996; Jooste and Hugo, 1999), 
but according to Hollis et al. (1995), no Weeksella 
strains and only 2% of Bergeyella strains grew on 
MacConkey agar. This difference could presum- 
ably be ascribed to different composition of 
media. Selective media on which Bergeyella 
strains will not grow include (3-hydroxybutyrate 
agar and MacConkey agar, and they exhibit only 
weak growth on nutrient agar (Holmes et al., 
1986b; Bernardet et al., 1996; Jooste and Hugo, 
1999). 

For the medium-term preservation of the 
Bergeyella and Weeksella species, the general 
media used for flavobacterial maintenance may 
be used. These media include PMYA II (pepton- 
ized milk yeast extract agar; Christensen and 
Cook, 1972) and also Dorset egg medium in a 
screw-capped bijou bottle stored at 4°C (Cowan, 
1974; Holmes et al., 1984). For longer-term pres- 
ervation, isolates may be freeze dried (Holmes, 
1992), or agar slant culture growth (18-h old) can 
be suspended in defibrinated rabbit blood placed 
in ampoules or other suitable containers and 
frozen in a mixture of dry ice and alcohol prior 
to storage at -50°C (Holmes et al., 1984). 

Identification 

When Weeksella and Bergeyella were still 
referred to as CDC Groups Ilf and Ilj, respec- 
tively, some investigators were of the opinion 
that they belonged to the Flavo bacterium genus 
(Pedersen et al., 1970; Pickett and Manclark, 
1970a; Pickett and Pedersen, 1970b; Pickett and 
Pedersen, 1970c; Olsen and Ravn, 1971; Price 
and Pickett, 1981). Others considered them 
intermediate in characteristics between Fla- 
vobacterium and Moraxella (Owen and Snell, 
1973). In any case, these taxa may be confused 
with each other in the laboratory. The differen- 
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tial characteristics of the four groups of flavobac- 
teria (Holmes and Owen, 1981) are given in 
Table 1. 

For the identification of members of the 
Flavobacteriaceae, specific methods have been 
suggested (Bernardet et al, 2002). As some of 
these methods and characteristics are of special 
importance in differentiating among taxa of 
Flavobacteriaceae and related taxa, an update of 
the methods is given and discussed in detail in 
the introductory chapter An Introduction to the 
Family Flavobacteriaceae in this Volume. Only 
the morphological and phenotypical characteris- 
tics of importance for the differentiation of 
Bergeyella and Weeksella will be discussed in this 
chapter. 



Morphology 

Both genera are Gram-negative, nonsporeform- 
ing rods that are 0.6 pm wide and 2-3 pm long 
with parallel sides and rounded ends. They are 
nonmotile in hanging-drop preparations after 
overnight incubation in nutrient broth at either 
37°C or room temperature (18-22°C). No cellu- 
lar gliding movement is present (Holmes et al., 
1986a; Holmes et al., 1986b; Bernardet et al., 
2002 ). 

Bergeyella and Weeksella colonies are non- 
pigmented, nonfluorescent and nonhemolytic on 
5% (v/v) horse blood agar after 24 h. Bergeyella 
strains do not produce a brown, diffusible, 
melanin-like pigment on tyrosine agar in con- 
trast to Weeksella strains. Colonies of both 
genera are circular, 0.5-2 mm in diameter, low 
convex, smooth and shiny with entire edges on 
nutrient agar. According to Tatum et al. (1974) 
and von Graevenitz (1995), Bergeyella colonies 
are sticky and, in color, are tan to yellow, while 
Weeksella colonies are butyrous to mucoid. 



adherent, and tan to brown. The authors did not 
discuss which media were used to determine 
these characteristics. 



Phenotypic Identification and Physiology 

Both genera are strictly aerobic with 
menaquinone 6 as the major respiratory 
quinone. Both genera will grow at 25°C and 
37°C, but not at 5°C. The majority of Weeksella 
strains will grow at 42°C and on (3-hydroxybu- 
tyrate agar, but this does not apply to Bergeyella 
strains (Holmes et al., 1986a; Holmes et al., 
1986b). Divergence exists regarding the ability of 
the two genera to grow on MacConkey agar 
(Holmes et al., 1986a; Holmes et al., 1986b; 
Hollis et al., 1995; Weyant et al., 1996). 

Both genera produce indole (Ehrlich’s 
reagent), oxidase, catalase and phosphatase, and 
both degrade gelatin. Neither of the genera will 
produce DNase or (3-galactosidase, reduce 
nitrate, utilize carbohydrates, or degrade starch, 
esculin or agar. Bergeyella will, however, pro- 
duce urease while Weeksella will not (Holmes et 
al., 1986a; Holmes et al., 1986b; Weyant et al., 
1996; Bernardet et al., 2002). Both the genera are 
nonsaccharolytic and will not produce acid from 
glucose, adonitol, arabinose, cellobiose, dulcitol, 
ethanol, fructose, glycerol, inositol, lactose, 
maltose, mannitol, raffinose, rhamnose, salicin, 
sorbitol, sucrose, trehalose or xylose. The general 
phenotypic and differential characteristics of 
Bergeyella and Weeksella are given in Table 2. 
For full descriptions and more details, the reader 
is referred to Holmes et al. (Holmes et al., 1986a; 
Holmes et al., 1986b), Hollis et al. (1995), and 
Weyant et al. (1996). 

In contrast to the other closely related genera 
in the Flavobacteriaceae family (Chryseobacte- 
rium, Empedohacter and Myroides), Bergeyella 



Table 1. Differential characteristics of the four groups of flavobacteriaJ 



Characteristic 


Group A 
Chryseobacterium 


Group B 
Myroides 


Group C 

Sphingobacterium 


Group D 

Bergeyella -i- Weeksella 


Habitat 


Free-living 


Free-living 


Free-living 


Parasitic or saprophytic 


Resistant to antimicrobials 








- 


Pigment production 








- 


Saccharolytic activity 




- 




- 


Indole production 




- 


- 




Oxidase production 










Nitrate reduction 


V 


- 


- 


- 


Degradation of gelatin 






- 




G+C content (mol%) 


33-38 


30-38 


39-42 


35-38 



Symbols and abbreviations; +, positive reaction; negative reaction and V, varies within and/or between strains. 

Trom Holmes and Owen (1981), Yabuuchi et al. (1983), Rubin et al. (1985), Holmes et al. (1986a, b). Holmes (1992), and 
Bernardet et al. (2002). 
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Table 2. General phenotypic and differential characteristics of Bergeyella and Weeksella.^ 



Characteristic 


Bergeyella zoohelcum 


CDC Bergeyella 
n = 87 


Weeksella virosa 


CDC Weeksella 
n = 41 


Growth at 


25°C 




V 


+ 


V 


37°C 


+ 


+ 


+ 


+ 


42°C 




- 


+ 


V 


Growth on 


MacConkey agar 


- 


- 


+ 


- 


p-Hydroxybutyrate 


- 


ND 


+ 


ND 


Cetrimide agar 


- 


ND 


- 


ND 


Acid production from 


Glucose 


- 


- 


- 


- 


Maltose 


- 


- 


- 


- 


Production of 


DNase 


- 


ND 


- 


ND 


Hydrogen sulfide 


- 


V 


- 


+ 


Alkali on Christensen’s citrate 


- 


- 


- 


ND 


Arginine desimidase 


- 


ND 


- 


ND 


Arginine dihydrolase 


- 


- 


- 


- 


Lysine decarboxylase 


- 


- 


- 


- 


Ornithine decarboxylase 


- 


- 


- 


- 


3-Ketolactose 


- 


ND 


- 


ND 


p-Galactosidase 


- 


ND 


- 


ND 


Urease 


+ 


+ 


- 


- 


Catalase 


+ 


+ 


+ 


+ 


Indole 


+ 


+ 


+ 


+ 


Reduction of 


Nitrate 


- 


- 


- 


- 


Nitrite 


- 


ND 


- 


ND 


Selenite 


- 


ND 


- 


ND 


Utilization of 


Citrate 


- 


ND 


- 


ND 


Malonate 


- 


ND 


- 


ND 


Degradation/hydrolysis of 


Agar 


- 


ND 


- 


ND 


Starch 


- 


ND 


- 


ND 


Esculin 


- 


- 


- 


- 


Gelatin 


+ 


+ 


+ 


+ 


Tween 20 


ND 


ND 


+ 


ND 


Tween 80 


- 


ND 


a 


ND 


Tyrosine 


- 


ND 


V 


ND 


Casein 


ND 


ND 


+ 


ND 


Gluconate oxidation 


- 


ND 


- 


ND 


Phenylalanine deamination 


- 


- 


- 


- 


KCN (0.0075% w/v) toleration 


- 


ND 


- 


ND 


Resistance to Pen G 


- 


ND 


- 


ND 


G+C content (mol%) 


35-37 


ND 


37-38 


ND 



Symbols and abbreviations: a, most strains are positive or negative for this characteristic; +, positive reaction; negative 
reaction; and V, varies within and/or between strains. 

""From Holmes et al. (1986a, b), Weyant et al. (1996), and Bernardet et al. (2002). 



and Weeksella are susceptible to most antibiotics 
such as p-lactam antibiotics, tetracycline, 
chloramphenicol, nalidixic acid, erythromycin 
and sulfamethoxazole-trimethoprim (Pedersen 
et al, 1970; Schell et al, 1985). Tliey are, 
however, resistant to aminoglycosides (von 
Graevenitz, 1995; Pass et al, 1996; Goldstein et 
al, 1998; Goldstein et al, 1999a; Goldstein et al, 
1999b; Goldstein et al, 2001; Goldstein et al, 
2002 ). 



The dominant fatty acids in Bergeyella are 15:0 
iso, 15:0 iso 2 OH, 17:1 iso, and 17:0 iso 30H 
(Vandamme et al., 1994). The DNA G-hC is 35- 
37 mol% (Vandamme et al., 1994; Bernardet 
et al., 2002). 

The dominant fatty acids of Weeksella species 
are 15:0 iso, 15:0 iso 20H, 16:0, 16:0 iso 30H, 
17:1(1) iso, 17:1(2) iso, and 17:0 iso 30H (Dees 
et al., 1986). The DNA G+C is 37-38 mol% 
(Bernardet et al., 2002). 



536 CJ. Hugo, B. Bruun and PJ. Jooste 



CHAPTER 6.5 



Pathogenicity 

Bergeyella zoohelcum has most frequently been 
isolated from the upper respiratory tract of dogs 
and from human wounds caused by dog and cat 
bites. In a study of bacteriological etiologies of 
50 infected dog bites and 57 infected cat bites, 
B. zoohelcum was isolated from 4% and 7% 
of wounds, respectively (Talan et al., 1999). At 
first, there was no real evidence for its patho- 
genic role in humans except for a report of men- 
ingitis in a 5-year old child following a dog bite 
(Bracis et al., 1979) and another report of septi- 
cemia (Noell et al., 1989). In the past 10-15 years, 
however, the following cases were reported: 
leg abscesses following a dog bite (Reina and 
Borrell, 1992), pneumonia (Grimault et al., 
1996), infectious tenosynovitis developed in a 
man after a Siberian tiger bite (Isotalo et al., 
2000), and bacteremia after a dog bite (Montejo 
et al., 2001). Recently, there has been a report 
where B. zoohelcum has been associated with a 
necrotizing infection of the respiratory tract in 
a cat (Decostere et al., 2002). 

Although Weeksella virosa has been most 
frequently isolated from the urogenital tract, 
there is little evidence for its pathogenicity (von 
Graevenitz, 1981; Holmes et al., 1986a). There 
are, however, two cases of peritonitis caused by 
W. virosa reported in the literature: one associ- 
ated with peritoneal dialysis (Faber et al., 1991) 
and one spontaneous case (Boixeda et al., 1998). 



Applications 

Although Xia et al. (2000) did not clearly 
indicate how the organisms were identified, a 
Weeksella strain and a Pseudomonas strain were 
isolated from petroleum contaminated soils. 
Both strains possessed petroleum-degrading and 
surfactant-degrading properties. It was suggested 
that after the largest portion of petroleum in 
the contaminated zone had been removed with 
surfactants, these organisms could be used to 
degrade the residual surfactants and petroleum 
(Xia et al., 2000). 
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CHAPTER 6.6 

The Genera Flavobacterium, Sphingohacterium 
and Weeksella 

BARRY HOLMES 



The name Flavobacterium was proposed in 1923 
for a genus of the family Bacteriaceae encom- 
passing the rod-shaped, nonendosporeforming, 
chemoorganotrophic bacteria (Bergey et al, 
1923). Most of the pigmented bacteria of the 
family were segregated in the tribe Chromo- 
bactereae, which contained four genera of aero- 
bic bacteria separated from each other by 
differences in color. These genera were Chromo- 
bacterium, Flavobacterium, Pseudomonas, and 
Serratia, for the purple, yellow, green fluorescent, 
and red strains, respectively. This emphasis on 
pigmentation (a character shared by genetically 
diverse bacteria [Weeks, 1969]) for taxonomic 
assignment to Flavobacterium has given the 
genus a dubious reputation in the past 
(McMeekin et al., 1972; Weeks, 1969), and as a 
consequence the genus has served too frequently 
as a repository for pigmented bacteria that pos- 
sess the general attributes of Flavobacterium but 
had not been subjected to detailed classification 
studies. Taxonomic heterogeneity and general 
uncertainty have characterized Flavobacterium 
from its inception, and its history is a record of 
proposals to achieve credibility for the genus. 

Stanier (1947) recognized that the cytophagas 
have more than a casual phenetic resemblance 
to pigmented. Gram-negative eubacteria such as 
Flavobacterium and the relationship to the 
cytophagas has dominated the taxonomic consid- 
eration of Flavobacterium. Differentiation of 
flavobacteria from cytophagas has depended 
primarily upon demonstration of the gliding 
movement and colonial translocation character- 
istic of the latter bacteria, but absence of these 
features has not deterred assignment of flavobac- 
terial species to Cytophaga (Mitchell et al., 1969). 
Freshly isolated cytophagas have the unusual 
ability to use a great variety of complex natural 
polymers, e.g., agar, alginates, cell walls, cellulose, 
chitin, DNA, keratins, lipids, pectin, porphyrins, 
proteins, RNA, and starch, as nutrients. Tliis abil- 
ity is not a general property of flavobacterial 
species, although strains of some species may 
hydrolyze casein, chitin, gelatin, or starch. 



This chapter was taken unchanged from the second edition. 



The problem of differentiating Flavobacterium 
from Cytophaga has been discussed extensively 
(Christensen, 1977a; McMeekin et al., 1972; 
Mitchell et al., 1969; Weeks, 1969). An outcome 
would be more nearly possible if two issues were 
resolved. These are the heterogeneity of Fla- 
vobacterium and the differentiation of nonmotile 
fiavobacteria from cytophagas. A primary 
requirement for the resolution of both issues is 
an acceptable definition of Flavobacterium. The 
concept of Flavobacterium was hardly altered in 
successive editions of Ber gey’s Manual of Deter- 
minative Bacteriology until the fifth (Bergey et 
al., 1939), which eliminated from the genus the 
least well-described species and the polarly flag- 
ellated strains. Those known to be Gram-positive 
were excluded in the seventh edition (Weeks and 
Breed, 1957). In the eight edition (Weeks, 1974) 
the genus remained heterogeneous, as evidenced 
by the two disparate reported ranges of GC con- 
tent of the DNA: 30-42 and 63-70 mol%. Only 
in Bergey ’s Manual of Systematic Bacteriology 
(Holmes et al., 1984a) did the genus at last 
become reasonably homogeneous by including 
only nonmotile low GC strains. Interspecies 
DNA-DNA hybridization studies of the latter 
organisms showed a background level of hybrid- 
ization of about 20%, which may represent a 
common DNA complement (Callies and Man- 
nheim, 1980; Owen and Holmes, 1981). 

Despite sharing several features, the low GC 
flavobacteria nevertheless show some heteroge- 
neity and fall into four natural groups (A-D, 
Table 1), as previously suggested by Holmes and 
Owen (1981). The strains of group D, so far 
found only on mammalian mucus membranes, 
are susceptible to penicillin and are nonpig- 
mented; they now comprise the genus Weeksella. 
Strains of the remaining groups are free-living, 
show resistance to a wide range of antimicrobial 
agents and are yellow-pigmented (Table 1). 
These organisms constitute the genus Flavobac- 
terium and they can be divided into groups A-C 
on the basis of differences in indole production, 
oxidation of carbohydrates, and proteolytic 
activity (Table 1). A detailed taxonomic study of 
these organisms by techniques such as DNA- 
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Table 1. Differentiation of the flavobacteria. 



Character 


Habitat 


Resistant to 
antimicrobial 
agents 


Yellow 

pigment 


Indole 

production 


Oxidation of 
carbohydrates 


Proteolytic 

activity 


Group A: 

Flavobacterium balustinum, 

F breve, Flavobacterium 
species group Ilb (F gleum, 

F indolo genes), F indoltheticum, 
F meningosepticum 


Free-living 












Group B: 

Flavobacterium odoratum 


Free-living 












Group C:^ 

Flavobacterium mizutaii, 

F multivorum, F spiritivorum, 
F thalpophilum, F yabuuchiae 


Free-living 












Group D; 

Weeksella virosa, W. zoohelcum 


Strict 

saprophyte 













+, character present; character absent. 

"^Yabuuchi et al. (1983) have proposed that F. mizutaii, F. multivorum, and F spiritivorum should be placed in a separate 
genus, Sphingobacterium. 



rRNA hybridization is necessary to determine 
their phylogenetic relationships and therefore 
whether they all belong in the same genus. Pend- 
ing such a study, it seems undesirable to divide 
the genus further or to admit to it taxa of uncer- 
tain affiliation, otherwise the genus is in danger 
once more of becoming heterogeneous. The lim- 
ited data available from DNA-rRNA hybridiza- 
tions (Bauwens and De Ley, 1981) indicate that 
F. breve, F meningosepticum, and F odoratum 
may not be closely related and that F aquatile, 
the type species of the genus (and itself repre- 
sented by a single strain), is not closely related 
to the above three species. For other reasons, F 
aquatile had been considered unrepresentative 
of the genus. Consequently, Holmes and Owen 
(1979) requested that F breve be made the type 
species instead. Their request was subsequently 
denied, and thus if the genus is further subdi- 
vided in the future the name Flavobacterium will 
remain with F aquatile and the majority of 
organisms currently recognized as Flavobacte- 
rium will be transferred to one or more new 
genera. For the above reasons, F aquatile is not 
considered in the tables in this paper (its charac- 
ters are given by Holmes et al., 1984a). Perhaps 
prematurely, the genus Sphingobacterium has 
been proposed by Yabuuchi et al. (1983) for 
organisms in group C (Table 1) based on the fact 
that most of these organisms have been shown 
to possess novel sphingolipids in their cell walls. 
As this character is not easily determined rou- 
tinely, and pending further study and possible 
revision of the genus as a whole, the group C 
strains are here retained in Flavobacterium. 
(Although all strains in group C have valid com- 
binations of their specific epithets with Flavobac- 
terium, there has as yet been no proposal to 



transfer F thalpophilum or F yabuuchiae to Sph- 
ingobacterium.) 

With Flavobacterium better defined, it is now 
possible to reassess the differentiation of this 
genus from Cytophaga. It has been suggested 
that organisms of both these genera, which share 
a distinctive cellular fatty acid composition, a 
characteristic menaquinone system, and a low 
GC content, should all be included in Cytophaga 
(Oyaizu and Komagata, 1981). However, this 
view does not take into account the heterogene- 
ity of the Flavobacterium-Cytophaga group as 
revealed by the preliminary DNA-rRNA hybrid- 
ization results of Bauwens and De Ley (1981). 
More recent DNA-DNA hybridization studies 
(Bernardet, 1989) reveal no appreciable homol- 
ogy between Cytophaga johnsonae and Fla- 
vobacterium species of groups A, B, and C. 
Oligonucleotide cataloging (Paster et al., 1985) 
places C. johnsonae and F. aquatile in the same 
group while finding that F. breve is only periph- 
erally related to the same group. Cataloging also 
places Cytophaga and Flavobacterium in the 
same eubacterial “phylum” as Bacteroides. 

In summary, while Flavobacterium is now 
more homogeneous than it has ever been, fur- 
ther work is necessary to group the species into 
additional genera so as to reflect their phyloge- 
netic relationships. Among the flavobacteria of 
clinical origin at least, these generic groupings 
may well be reflected by the groups A-C as 
defined in Table 1. While these organisms would 
appear to be distinct from Cytophaga, other fla- 
vobacteria, including F. aquatile, may be more 
closely related to Cytophaga. The latest arrange- 
ment of including the families Bacteroidaceae 
and Cytophagaceae plus a newly proposed fam- 
ily “Flavobacteriaceae” in the order Cytoph- 
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agales (Reichenbach, 1989) is a good reflection 
of our present knowledge of the phylogenetic 
relationships of these organisms. 



Habitats 

Yellow-pigmented, nonfermentative, Gram- 
negative, nonmotile, rod-shaped bacteria, which 
have been placed in the genus Flavobacterium or 
have been termed flavobacteria, have been iso- 
lated from fresh and marine waters, soil and 
ocean sediments, foods and food-processing 
plants, and clinical materials. These bacteria are 
widely distributed in nature and are especially 
common in water, which would explain their 
seeming omnipresence. 



Nonclinical Sources 

Flavobacterial strains have been isolated most 
commonly from freshwater and marine environ- 
ments, and many general bacteriological surveys 
of such habitats have reported their presence 
(for example, ZoBell and Upham, 1944). The 
numerical taxonomic studies of Hayes (1963) 
and of Floodgate and Hayes (1963) used marine 
strains isolated from fish surfaces, sea water, and 
marine mud; the samples were taken from the 
north Atlantic region, western North American 
coast, and Florida. Comprehensive investiga- 
tions of dairy and meat-processing industries 
have shown numerous flavobacteria (McMeekin 
et al., 1971, 1972; Jooste et al., 1985), including 
Weeksella-\\kQ organisms (Botha et al., 1989). 
The bacteria have also been found in chlorinated 
cooling water of vegetable canning plants and 
were the cause of characteristic spoilage follow- 
ing post-sterilization contamination (Bean and 
Everton, 1969). R multivorum has been isolated 
from soil (Hayward and Sly, 1984; Pichinoty et 
al., 1985). 



Clinical Sources 

Flavobacteria have consistently been found 
among the nonfermentative. Gram-negative bac- 
teria isolated from clinical specimens such as 
blood, urine, infected wounds, and feces (Pickett 
and Manclark, 1970; Pickett and Pedersen, 
1970a, 1970b; Tatum et al., 1974). Their fre- 
quency of occurrence is usually low, 1% or less, 
and their pathogenicity is low-grade or doubtful. 
They are, however, extremely resistant to many 
antimicrobial agents (and so may well colonize 
the patient on intensive chemotherapy for an 
infection caused by some other organism). Such 
resistant strains are found in each of groups A- 



C: R breve (Holmes et al., 1978); R meningosep- 
ticum (King, 1959); Group Ilb of King (Tatum 
et al., 1974; this taxon includes R gleum [Holmes 
et al., 1984b] and R indolo genes [Yabuuchi et al., 
1983]); R odoratum (Holmes et al., 1977, 1979); 
R multivorum (Holmes et al., 1981); R spiri- 
tivorum (Holmes et al., 1982) and R thalpophi- 
lum (Holmes et al., 1983). 

R meningosepticum, the best-known pathogen 
in the genus, is associated with a sometimes fatal 
meningitis of infants and has been isolated from 
their throats, spinal fiuid, and blood as well as 
from throats of normal adults (King, 1959; 
Holmes, 1987). R odoratum has also been a cause 
of ventriculitis (Macfarlane et al., 1985). Both R 
multivorum and R odoratum have been reported 
as a cause of bacteremia (Freney et al., 1987; 
Potvliege et al., 1984; Prieur et al., 1988), while 
both R odoratum and R thalpophilum have been 
described in wound case reports (Davis et al., 
1979; Hansen et al., 1988). Weeksella virosa 
appears to be almost exclusively associated with 
the female genital tract (Holmes et al., 1986a; 
Reina et al., 1989), and it seems more prevalent 
in sexually promiscuous women (Mardy and 
Holmes, 1988). W. zoohelcum is commonly 
found in the canine oral cavity and has been 
isolated from human dog-bite wounds (Holmes 
et al., 1986b). However, one strain has been 
reported as a cause of meningitis in a child fol- 
lowing a dog-bite (Bracis et al., 1979) and 
another as a cause of septicemia (Noell et al., 
1989). 



Isolation 

Nonclinical Flavobacterium 

Flavobacteria are chemoorganotrophic and not 
difficult to isolate, although maintenance of the 
cultures sometimes presents a problem. 

General studies do not require enrichment 
procedures and usually nutrient agar-type media 
are used. Studies of marine, pigmented bacteria, 
for example, have used seawater-agar media, 
such as the following: 

Marine Flavobacterium Medium (Hayes, 1963) 



Beef extract (Lab Lemco) 


10 g 


Peptone (Evans) 


10 g 


Agar (Difco) 


15 g 


Aged seawater 


750 ml 


Distilled water 


250 ml 


Adjust pH to 12-13. 

Isolation of yellow-pigmented bacteria from 



food and food-processing equipment used a sim- 
ilar medium: 

Food Flavobacterium Medium (McMeekin et al., 
1971) 
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Beef extract (Oxoid L20) 10 g 

Peptone (Oxoid L37) 10 g 

NaCl 5 g 

Agar (Oxoid No. 3) 12 g 

Distilled water 1 liter 

Incubation temperatures were similar to that 
of the environment, i.e., 20-25°C, and incubation 
times were about 4 days. 

Weeks (1955) used medium Ml, which con- 
tains lesser amounts of nutrients, for both isola- 
tion and maintenance of flavobacterial cultures. 

Medium Ml (Weeks, 1955) 

Proteose peptone (Difco) 

Yeast extract (Difco) 

Beef extract (Difco) 

NaCl 
Agar 

Distilled water 
pH 12-1 A. 

It is not unusual to find that media containing 
relatively large amounts of the individual nutri- 
ents, such as those used by Hayes (1963) and 
McMeekin et al. (1971), are not as well suited to 
maintenance of flavobacterial cultures as are 
media with lower concentrations. A study on 
maintenance by Christensen and Cook (1972) 
dealt primarily with the isolation of cytophagas 
but flavobacteria were included. In general, 
media such as PMYA II containing small 
amounts of nutrients were superior. 



PMYA II (Christensen and Cook, 1972) 



Peptonized milk 


1 g 


Yeast extract 


0.2 g 


Sodium acetate 


0.02 g 


Agar 


15 g 


Distillepd water 


1 liter 


This medium 


was excellent for detection of 



cytophagal gliding and colonial swarming, which 
is useful in differentiating between flavobacteria 
and cytophagas. 

Flint (1985), when developing a selective agar 
medium for the enumeration of Flavobacterium 
species in water, found that on nutrient agar 
alone less than 10% of colonies recovered were 
yellow-pigmented; however, when a nutrient 
agar medium containing kanamycin at 50 pg/ml 
was used, this figure increased to 70%. 

Clinical Flavobacterium 

Tatum et al. (1974) have described in detail the 
procedures for isolation of flavobacteria from 
clinical sources, such as those of F meningosep- 
ticum and Group Ilb. Primary plating of a clinical 
specimen is usually onto blood, chocolate, eosin- 
methylene blue, or MacConkey agar, but other 
media may be used. Incubation temperature is 
35-37°C, but the bacteria will grow at room tem- 



peratures (20-25°C). Other workers have found 
ordinary nutrient agar quite satisfactory (for 
example. Holmes et al., 1977, 1978). 

Preservation of Cultures 

Pickett and his colleagues have used cystine- 
trypticase agar (BBL) for maintenance of cul- 
tures of the clinical flavobacteria. Long-term 
preservation was carried out using brucella broth 
(BBL) containing 10% glycerol and the cultures 
were stored at -50°C (Pickett and Pedersen, 
1970a). Isolates can also be stored freeze-dried. 

Identification 

Assignment of a culture to Flavobacterium now 
rests primarily upon the attributes ascribed to the 
genus (Holmes et al., 1984a). Strains are strictly 
aerobic. Gram-negative, nonmotile, yellow- 
pigmented, free-living nonfermenters with low 
GC content and do not show gliding motility; 
clinical strains at least are highly resistant to a 
wide range of antimicrobial agents. Since these 
features are quite general, the personal judgment 
of the investigator is a major contribution, 
especially for the nonclinical strains which have 
not been studied as thoroughly as clinical strains. 

Clinical isolates can usually be identified by 
assigning them initially to one of the groups A- 
D on the basis of the characters given in Table 1 
and then using the appropriate table for species 
determination. Methods for determining some 
characters useful in the differentiation of fla- 
vobacteria (indole formation, hydrolysis of 
DNA, starch, and urea, and pigment production) 
have been compared by Pickett (1989). Just as 
the flavobacteria may eventually comprise sev- 
eral genera, so new species are set to emerge 
from the existing recognized species. It is appar- 
ent from Tables 2-3-4 that many species are het- 
erogeneous in phenotypic characters and such is 
the genomic diversity among the flavobacteria 
that many recognized species comprise very few 
known strains. Indeed, several are represented 
by a single strain. 

Among the taxa in group A, F balustinum 
(from heart blood of fish) and F indoltheticum 
(from the marine environment) are represented 
by single strains and extensive DNA-DNA 
hybridization studies of phenotypically similar 
strains have ascribed no additional strains to the 
former and only three to the latter (A. G. 
Steigerwalt and D. J. Brenner, personal commu- 
nication). Similar DNA relatedness studies 
reveal that in F breve there is a “core” of closely 
related strains with other strains showing lower 
levels of relatedness to the “core” strains (Owen 



5g 
1 g 
2g 
3g 
12 g 
1 liter 
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Table 2. Characteristics for practical identification and differentiation of the Flavobacterium taxa of group A. 



Test 


F balustinum 
(1 strain) 


F breve 
(7 strains) 


F indoltheticum 
(1 strain) 


F. meningosepticum 
(49 strains) 


Flavobacterium 
species group lib 
(55 strains) 


Acid from ammonium salt-sugar medium containing: 








Glucose 




6IT 




42/49 




Arabinose 


- 


- 


- 


1/49 


13/55 


Cellobiose 


- 


- 


- 


4/49 


3/55 


Ethanol 




- 


- 


28/49 


9/55 


Glycerol 


- 


- 


- 


38/49 


35/55 


Lactose 


- 


- 


- 


27/49 


- 


Maltose 


- 


6/7 




46/49 




Mannitol 


- 


- 


- 


31/49 


3/55 


Sucrose 


- 


- 


- 


- 


12/55 


Trehalose 


- 


- 


- 


42/49 


48/55 


Xylose 


- 


- 


- 


3/49 


9/55 


Esculin hydrolysis 




- 




47/49 


52/55 


Growth at 42° C 


- 


- 


- 


6/49 


15/55 


Indole production (Ehrlich 
reagent) 








24/49 


53/55 


Nitrate reduction 




- 


- 


2/49 


16/55 


Nitrite reduction 


- 


- 


- 


18/49 


14/55 


Starch hydrolysis 


- 


- 


- 


- 


36/55 


Urease production 


- 


- 


- 


16/49 


11/55 


p-D-Galactosidase production 


- 


- 


- 


48/49 


15/55 


GC content (mol%) 


33.1 


32.4 ± 0.6’’ 


33.8 


37.0 ± 0.5 


35 to 38.5 


Number of strains tested for 
GC content 


1 


10 


1 


8 


13 



+, all strains tested positive; all strains tested negative. 

""Number of strains showing characteristic/number of strains tested. 

*"Mean ± standard deviation. 

The phenotypic results were derived from previous work at the National Collection of Type Cultures, as follows: F balustinum, 
F indoltheticum, Flavobacterium species Group Ilb (Holmes, 1983), F breve (Holmes et al., 1978), and F meningosepticum 
(Holmes, 1987). The GC values were derived as follows: F balustinum and F breve (Owen and Holmes, 1980), F. meningosep- 
ticum (Owen and Lapage, 1974; Owen and Snell, 1976), F indoltheticum and Flavobacterium species group lib (B. Holmes 
and R. J. Owen, unpublished observations). 



and Holmes, 1980). Owen and Snell (1976) 
showed that of the strains representing the then 
six serovars of E meningosepticum, the type 
strain of the species, which represented serovar 
A, showed much lower levels of relatedness to 
strains of the other serovars (B-F) than did these 
strains to each other. Work on this species was 
extended by Ursing and Bruun (1987), who 
found only three other strains that showed 
appreciable homology to the type strain; the 
remaining 48 strains could be divided into four 
subgroups. Despite the genomic differentiation 
of these 52 strains into two major groups, no 
correlation of these groups could be found with 
antimicrobial susceptibility (Bruun, 1987), 
crossed immunoelectrophoresis (Bruun and 
H0iby, 1987), or phenotypic characters (Bruun 
and Ursing, 1987). The name R indologenes was 
proposed for all strains of group Hb (Yabuuchi 
et al., 1983), despite the fact that it is genomically 
heterogeneous (Owen and Snell, 1976). The 
name E gleum was proposed for several group 
Hb strains that show a high level of DNA-DNA 
relatedness (Holmes et al., 1984b). More recent 



DNA-DNA hybridization studies of group Hb 
strains (A. G. Steigerwalt and D. J. Brenner, per- 
sonal communication) show that, while several 
strains display high levels of relatedness to the 
respective type strains of either E gleum or E 
indologenes, as many strains again remain to be 
assigned to one or more genomic groups. Until 
this problem is further investigated, it would 
seem prudent to continue referring to the taxon 
by its original designation of Flavobacterium spe- 
cies group Hb. 

Group B comprises only E odoratum, easily 
recognized by its fruity odor (Holmes et al., 
1977). Although only ten strains have been stud- 
ied by DNA-DNA hybridization, there is again 
genomic heterogeneity in the taxon, with the 
strains falling into three genomic groups (Owen 
and Holmes, 1978). 

With the exception of E multivorum, all the 
other species in groups C and D have been exam- 
ined for DNA-DNA relatedness {E mizutaii, 
E spiritivorum, and E yahuuchiae [Holmes et al., 
1988], E thalpophilum [Holmes et al., 1983], 
Weeksella virosa [Holmes et al., 1986a], W. zoo- 
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Table 3. Characteristics for practical identification and differentiation of the group C flavobacteria.‘ 



Test 


E mizutaii E multivorum 

(3 strains) (28 strains) 


E spiritivorum 
(11 strains) 


E thalpophilum 
(7 strains) 


E yabuuchiae 
(2 strains) 


Acid from ammonium salt-sugar medium containing: 
Adonitol 2/3’’ 










Arabinose 


1/3 




3/11 




- 


Ethanol 


- 


- 




- 




Glycerol 




27/28 








Mannitol 


- 


- 




- 




Rhamnose 




13/28 


1/11 




- 


Gelatinase production 


1/3 


4/28 




6/7 




(plate method) 


Growth at 42°C 


- 


- 


- 




- 


Hydrolysis of 2-napththyl 


NT 








- 


phosphate at pH 5.4'’ 


Nitrate reduction 


- 


- 


- 




- 


Nitrite reduction 




- 


- 


- 


- 


Urease production 


1/3 


27/28 








Extracellular deoxyribonuclease 


- 


17/28 




6/7 




production 


GC content (mol%) 


41.0 ± 0.8“ 


39.6 ± 0.5 


41.4 ± 0.4 


45.0 ± 0.8 


41.4 ±0.5 


Number of strains tested for 


3 


11 


6 


7 


2 


GC content 



+, all strains positive; all strains negative; NT, not tested. 

'‘These organisms are also known as the sphingobacteria. 

’’Number of strains showing characteristic/number of strains tested. 

Tested in standard API ZYM gallery. 

'’Mean ± standard deviation. 

The phenotypic results for E mizutaii were taken from National Collection of Type Cultures records (B. Holmes, unpublished 
observations), and the GC contents for these strains were obtained from Yabuuchi et al. (1983). The results for F. multivorum 
were derived from Holmes et al. (1981), those for E thalpophilum from Holmes et al. (1983), and those for E spiritivorum 
and E yabuuchiae from Holmes et al. (1988). 



Table 4. Characteristics for practical identification and dif- 



ferentiation of Weeksella 


species. 






W. virosa 


W. zoohelcum 


Test 


(29 strains) 


(30 strains) 


Urease production 


- 


± 


Growth at 42'’C 


± 


l/30'‘ 


Growth on 


± 


- 


MacConkey 

agar 


Growth on 


± 


- 


(3-hydroxybutyrate 


GC content (mol%) 


37.3 ± 0.5“ 


35.7 ± 0.8 


Number of strains 


4 


4 


tested for GC 
content 



+, all strains tested positive; -, all strains tested negative. 
'‘Number of strains showing characteristic/number of strains 
tested. 

’’Mean ± standard deviation. 

The phenotypic results and GC values for W. virosa were 
derived from Holmes et al. (1986a) and those for W. zoohel- 
cum from Holmes et al. (1986b). 

helcum [Holmes et al, 1986b]). These studies 
showed that the species were genomically 
homogeneous except for E spiritivorum, which 
contained two strains showing high levels of relat- 
edness to each other but lower levels to other 



strains of F. spiritivorum; these two strains now 
constitute E yabuuchiae (Holmes et al., 1988). 

Although there is clear evidence for additional 
genospecies in Flavobacterium (perhaps in 
Weeksella also [Botha et al., 1989]), some of 
these may not be recognized formally as new 
species unless phenotypic characters can be 
found to differentiate them. In addition, there 
are phenotypically discernible taxa which remain 
unnamed pending a full taxonomic study. These 
organisms are groups lie. He, Ilh, and Ili; they 
are all saccharolytic and the last three, at least, 
are indole producers (Rubin et al., 1985). They 
may therefore well be additional members of 
Flavobacterium group A, especially as strains of 
Groups He and Ilh are known to contain 
menaquinone 6 and lack sphingolipids (Dees 
et al., 1986), which would also exclude them from 
group C (the sphingobacteria). Some differenti- 
ation of the flavobacteria can be achieved by gas 
liquid chromatographic analysis of volatile fatty 
acids produced in culture (Rasoamananjara et 
al., 1988). Serology has only been applied to F 
meningosepticum, where types A-O are recog- 
nized; however, strains representing some of 
these serotypes are biochemically atypical of the 
species and may be strains of F breve (Holmes 
et al., 1984a). 
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Identification of the nonclinical flavobacteria 
seems to be essentially a matter of deciding 
whether nonmotile flavobacteria are cytophagas. 
In this connection, it is a requirement to know 
whether or not an isolate demonstrates gliding 
movement and colonial translocation as defined 
by Henrichsen (1972). It is also necessary to 
know the DNA base composition and whether 
the culture can utilize a variety of complex mac- 
romolecules in its nutrition. Cultures that display 
properties of typical cytophagas do not present 
a problem since these would not be classified as 
flavobacteria; cultures not having such proper- 
ties could be considered flavobacteria. Isolates 
that do not display cytophagal gliding but do 
demonstrate colonial translocation would not be 
cytophagas according to Henrichsen (1972). Cul- 
tures that are believed to display gliding motion 
but which do not show colonial translocation 
probably should not be assigned to the Cyto- 
phagaceae. Christensen (1977b) believed that 
colonial spreading would occur in such cultures 
if the correct experimental conditions were used. 

It has already been stated that E aquatile 
(from water) is not included in the identification 
scheme given in this chapter. Also not included 
are the more recently described species E ther- 
mophilum (Loginova and Egorova, 1978) and E 
branchiophila (Wakabayashi et al., 1989), the 
latter of which causes bacterial gill disease in 
freshwater fishes. The former is a thermophile, 
probably a Thermus species (see The Genus 
Thermus and Relatives in this Volume), and the 
latter, like E aquatile, neither grows at 37°C 
nor grows well on nutrient agar. Two further new 
species, both halophiles from an Antarctic Lake, 
“E gondwanense'' and “E salegens,'' may be pro- 
posed (T. A. McMeekin, personal communica- 
tion). Whether these more recently described 
organisms truly belong in the genus remains to 
be determined. DNA-DNA hybridization stud- 
ies (Bernardet, 1989) reveal that E branchiophila 
has higher levels of relatedness to Cytophaga 
species than to Elavobacterium species. The 
other validly published species in the genus that 
are not mentioned here are of uncertain taxo- 
nomic position and do not belong in Elavobacte- 
rium for the reasons given by Holmes et al. 
(1984a). 

Physiological Properties 

Within the group A flavobacteria, the main 
cellular fatty acid components in E breve are 
iso-Ci 5 ;o and 3-OH iso-Cn-o acids (as they are also 
present in E aquatile)’, E meningosepticum con- 
tains in addition significant amounts of 2-OH iso- 
Ci 5 ;o and is similar to Elavobacterium species 
group Ilb (Moss and Dees, 1978; Oyaizu and 



Komagata, 1981). E odoratum (group B) differs 
from members of group A in containing iso-Qs-o, 
iso-Ci 7 ;i, 3-OH iso-Ci 5 ;o and 3-OH iso-Cn-o acids 
(Oyaizu and Komagata, 1981). Among the group 
C flavobacteria (or sphingobacteria), E multi- 
vorum at least contains iso-Ci 5 ;o and 2-OH iso- 
Ci 5 ;o as major fatty acid components while the 
main cellular lipids are sphingophospholipids 
(Yabuuchi et al., 1981), as indeed they also are 
in E mizutaii, E spiritivorum, and E thalpophi- 
lum (Dees et al., 1985; Yabuuchi et al., 1983). The 
group C organisms also contain major quantities 
of menaquinone 7 but no menaquinone 6, in 
contrast to the flavobacteria of groups A and B 
which contain major amounts of menaquinone 6 
but no menaquinone 7 (Dees et al., 1985). These 
characters further support the case for classifying 
the group C organisms in the separate genus 
Sphingobacterium but they rely on characters 
not easily determined routinely. 

Cells of all Elavobacterium species are nonmo- 
tile in both hanging drop preparations and in soft 
agar; it is generally accepted that they lack fla- 
gella. However, Weeks (1955) examined the type 
strain of E aquatile by electron microscopy and 
observed structures that he thought were like 
“pseudoflagella.” By light microscopy, Webster 
and Hugh (1979) observed what they thought to 
be nonfunctional flagella on both the type strain 
of E aquatile and that of E meningosepticum, but 
this was not confirmed by Thomson et al. (1981) 
using electron microscopy (although extracellu- 
lar appendages of a nonflagellar nature, like 
those on gliding bacteria, were seen in E 
aquatile). 

The yellow pigments produced by these organ- 
isms are nonfluorescent and insoluble in growth 
media; in E aquatile the pigment is carotenoid 
(principally zeaxanthin; O. B. Weeks, unpub- 
lished observations) whereas in E breve and E 
odoratum they are not carotenoid but are prob- 
ably of the flexirubin type. 

Clinical strains are generally resistant to many 
antimicrobial agents, including amikacin, ampi- 
cillin, carbenicillin, gentamicin, kanamycin, 
polymyxin B, streptomycin, and tobramycin. 
Although an R plasmid conferring resistance to 
ampicillin, carbenicillin, and erythromycin has 
been reported in a strain of E odoratum (Kono 
et al., 1980), detectable plasmids have been 
rarely reported (Owen and Holmes, 1981) and 
resistance in these organisms is therefore possi- 
bly associated with chromosomal genes. 



Applications 

No applications for strains of the genera Ela- 
vobacterium, Sphingobacterium, or Weeksella 
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are yet known. However, suitable strains of ''Fla- 
vobacterium keratolyticus'' (isolated from soil in 
Japan), an organism not only without standing 
in nomenclature but possibly also not even a 
member of the genus Flavobacterium, naturally 
produce an endo-p-galactosidase. This enzyme 
exposes the human red blood cell cryptantigen 
Tk and is therefore potentially useful in blood 
transfusion laboratories for determining the type 
of end-link sugar on the red cell membrane that 
carries the blood group antigen (Liew et al, 
1982). Growth measurements with a supposed 
Flavobacterium strain have proved useful in 
determining the concentration of maltose- and 
starch-like compounds in drinking water, where 
these compounds may contribute to undesirable 
bacterial growth in distribution systems (Van 
Der Kooij and Hijnen, 1985). 
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In the past decade much has been learnt about the order 
Cytophagales and about some of the organisms belonging to 
it, although the majority of its members are as unfamiliar as 
ever. On the basis of 16S rRNA studies, we can now delimit 
the group with some confidence and have a well-founded 
idea of its phylogenetic position (Paster et al., 1985; Woese 
et al., 1985). Accordingly, the Cytophagales appear to be 
distantly related to the Bacteroides group, and these two 
together comprise one of the main branches, perhaps a phy- 
lum, in the bacterial phylogenetic system. The substructure 
of the Cytophaga branch of the phylum is more difficult to 
evaluate. There is a main line on which we find unicellular 
gliders — Cytophaga (Cy.*) johnsonae, Cy. lytica, Cy. aquatilis 
= Flavobacterium (Fv.) aquatile, and Sporocytophaga (Sp.) 
myxococcoides — but at a lower level unicellular nonmotile 
bacteria {Fv. breve, i.e., low GC, true flavobacteria) are also 
found. At a still lower level, a cluster branches off which 
comprises the unicellular gliders — Flexibacter (Fx.) filiformis 
= Fx. elegans Fx el, Cy. heparina, and Taxeobacter = Myx 
2105) unicellular nongliding flavobacteria {Fv. ferugineum), 
but also filamentous, multicellular, gliding {Saprospira) and 
nonmotile bacteria {Haliscomenobacter). It is obvious from 
these data that our present definition of genera does not 
reflect the phylogenetic situation and also that the grouping 
in families and perhaps orders needs to be reconsidered. 
Before that is done, however, 16S rRNA sequences of further 
species should be determined. 

From what has been said above it is clear that only a 
preliminary characterization of the order is possible at 
present. In this chapter, the order Cytophagales is restricted 
to unicellular gliding bacteria; the relevant genera are listed 
in Table 1. Filamentous, gliding bacteria of the genus Sapros- 
pira may or may not belong to the order, and they are suffi- 
ciently different to justify a separate treatment (see The 
Order Cytophagales in this Volume); contrary to earlier sug- 
gestions, these organisms are not apochlorotic cyanobacteria 
(Reichenbach et al., 1986). Unicellular, gliding bacteria of 
the genus Lysobacter have been found to be closely linked to 
the xanthomonads and thus belong to the gamma branch of 
the Proteobacteria (Woese et al., 1985); consequently they 
are discussed separately (see The Genus Lysobacter in Vol- 
ume 6) It should be mentioned that, in the past, lysobacters 
have often erroneously been classified as cytophagas; this is 
discussed in The Genus Lysobacter in Volume 6. On the other 



In this chapter, the following abbreviations sometimes are 
used for the genera of the order Cytophagales: CLB, 
Cytophaga-\\\^e, bacteria; Cp., Capnocytophaga; Cy., 

Cytophaga; Ft., Flexithrix; Fv., Flavobacterium; Fx., 
Flexibacter, Me., Microscilla; Sa., Saprospira; Sp., 

Sporocytophaga; Tx., Taxeobacter. 

This chapter was taken unchanged from the second edition. 



hand, the cytophagas have been regarded as myxobacteria 
for some time and accordingly named; Cy. columnaris has 
even been classified in the myxobacterial genus Chondrococ- 
cus (now Corallococcus). However, as pointed out above, the 
two groups are not phylogenetically related. The nonmobile 
bacteria that cluster with the Cytophagales are discussed 
in The Genera Flavobacterium, Sphingobacterium, and 
Weeksella and The Genus Haliscomenobacter in this Volume. 

The Cytophagales as outlined above are all unicellular, 
gliding. Gram-negative bacteria. All have rod-shaped cells, 
which may differ substantially in shape. They may be short 
or long, delicate or stout, with tapering or rounded ends (Fig. 
1). Two genera exhibit a controlled and cyclic shape change: 
Sporocytophaga produces resting cells in the form of spher- 
ical microcysts, and some Flexibacter species alternate 
between very long and extremely agile thread cells and very 
short, almost spherical and nonmotile rod cells (Fig. 2). Many 
of the other species are more or less pleomorphic, with cell 
populations that consist of short and very long rods and 
chains of cells, particularly in older cultures. 

The typical colonies are spreading swarms (Fig. 3). Some- 
times they are filmlike and may cover the whole culture plate 
within a few days. In other cases, they only expand slowly or 
remain more or less compact. In a few instances there is also 
rhizoid growth. Many Cytophagales produce brightly colored 
colonies in shades of yellow, orange, or brick red. The yellow 
and orange colonies often change immediately into red, pur- 
ple, or brown if covered with a 10% KOH solution. This color 
change is due to flexirubin-type pigments (Fig. 4), which have 
so far only been found in organisms of this group (including 
flavobacteria). The organisms belonging to the Cytophagales 
may be aerobic, microaerophilic, capnophilic (CO 2 - 
requiring), or facultatively anaerobic. They are all organotro- 
phs, many of them able to degrade biomacromolecules like 
proteins, chitin, pectin, agar, starch, or cellulose. They are 
ubiquitous, are abundant, and probably play a major role in 

Table 1. Survey of the taxonomy of the order Cytophagales 
of the Bacteriodes-Flavobacterium-Cytophaga branch. 

Order: Cytophagales 
Family: Cytophagaceae 
Genera: Cytophaga 
Sporocytophaga 

Unnamed Cytophaga-hke, bacteria (serveral genera) 

Flexibacter 

Microscilla 

Flexithrix 

Capnocytophaga 

Taxeobacter 

(Saprospira)^ 

""Saprospira may or may not belong to the order. It is dis- 
cussed separately in The Order Cytophagales in this Volume. 
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Fig. 1. Cell shape of the Cytophagales in phase contrast, (a) A brick red, marine, agar decomposer, probably a Microscilla 
species, in chamber culture; the long, flexible, thread cells have tapered ends. Bar = 25 pm. (b) CLB from soil, in chamber 
culture, showing the typical arrangement of cells at the swarm edge. Bar = 10 pm. (c) Cytophaga lytica, a yellow, marine, 
agar-digesting CLB, from SP2 liquid medium. Bar = 5 pm. (d) Cytophaga succinicans, a facultatively anaerobic freshwater 
CLB, from AO agar. Bar = 5 pm. (e and f) Cytophaga aurantiaca type strain, a cellulose-degrading true Cytophaga, from 
glucose-glutamate agar. The population in (e) consists of delicate, flexible rods, which are pleomorphic with very long and 
with slightly swollen cells; in (f), cells from older parts of the colony begin to produce dark, lemon-shaped inflations, which 
later degenerate to spheroplasts. Bar = 10 pm in both pictures, (g) Flexibacter flexilis type strain, from starch agar; one of the 
thread cells (top edge of the photograph) shows the beginning of branching at one end. Such branching is not uncommon 
among the Cytophagales. Bar = 5 pm. (h) Taxeobacter species, cells in situ on water agar with a streak of living E. coli, showing 
a characteristic palisade pattern. Bar = 25 pm. 
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Fig. 2. Cytophagales with a cyclic change in cell shape, shown in phase contrast, (a and b) Sporocytophaga myxcococcoides 
from a membrane of regenerated cellulose on ST6 agar; in (a), most cells are still vegetative rods, but young microcysts and 
intermediary stages of cell conversion can already be seen; in (b), mature, otpically retractile microcysts are present, (c to e) 
Flexibacter filiformis (formerly called Fx. elagans Fx el) from VY/2 agar; (c) a slide mount from the very edge of the swarm 
colony shows very long, delicate, flexible, and extremely agile thread cells without, or with only very few, cross walls; (d) at 
some distance from the edge, the thread cells have become much shorter by fragmentation; (e) Anally, the cell population 
consists mainly of very short rods which are also clearly fatter and darker and are no longer motile. Bars = 10 jim. 
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Fig. 3. Colonies of various diverse Cytoph- 
agales. (a) Spreading colony of a CLB from 
soil, growing in chamber culture, dark field. 
Bar = 100 pm. (b) Flexibacter flliformis Fx el, 
swarm colony on agar plate. Bar = 3 mm. (c) 
CLB from soil; typical swarm colonies 
emerge at the side of a streak on an agar 
surface. Bar = 1 mm. (d and e) CLB from soil 
growing on two different agar media, (d) On 
the poorer substrate, the colonies are rela- 
tively large and show some spreading; (e) 
they remain small and compact on the rich 
medium. Bar = 1 mm in both, (f) CLB from 
soil, swarm colony on CY agar showing a 
distinct surface pattern. Bar = 1 mm. (g) 
Cytophaga flevensis, an agar-digesting CLB 
from freshwater; as a relatively rich agar sub- 
strate was used, the colonies remained rather 
compact. Bar = 2 mm. (h) Flexibacter fllifor- 
mis Fx el, chamber culture; dense clusters of 
cells are sitting in conspicuous slime tracks; 
phase contrast. Bar = 30 pm. (i) CLB from 
soil, chamber culture, edge of a swarm col- 
ony with a network of slim tracks; phase con- 
trast. Bar = 30 pm. (j and k) Cytophaga 
columnaris, a fish-pathogenic CLB from 
freshwater; swarm colonies on MYX agar (j) 
and AO agar (k), showing the typical growth 
pattern of the organism. Bar = 1 mm in both. 
(1 to n) Taxeobacter ocellatus Tx ol (= Myx 
2105): (1 and m) on water agar with a streak 
of living E. coif the organism typically 
spreads out, producing long, tendril-like 
strips; (m) at a higher magnification, the 
unusual palisadelike arrangement of the cells 
becomes apparent; both phase contrast; (n) 
after plating on CY agar, relatively compact, 
brick red colonies begin to spread out. Bar = 
100 pm in (1), 10 pm in (m), and 2 mm in (n). 
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Fig. 4. Flexirubin-type pigments characteristic for members 
of the Cytophagales. (a) Cytophaga-^Qxix\xhm from CLB. 
(b) Chlorofleximbin from a Flexibacter species. 



the turnover of matter in nature (e.g., Ruschke, 1968; Rus- 
chke and Rath, 1966). Some may also be of practical interest. 

A few reviews on the Cytophagales and their subgroups 
have been published since the first edition of The Prokary- 
otes and can be recommended here for further information 
(several chapters in Bergey’s Manual of Systematic Bacteriol- 
ogy, vol. 3, 1989, for detailed discussions of the taxonomic 
problems; also, Reichenbach and Weeks, 1981; Shewan and 
McMeekin, 1983; and on practical aspects: Reichenbach, 
1988; see also: Bernardet, 1989; Jooste, 1985; Kath, 1990). 



Habitats 

The Cytophagales are by far the most common 
of all gliding bacteria. Tdiey are found in enor- 
mous numbers in certain habitats, mainly those 
rich in organic material. They can adapt, how- 
ever, to rather low nutrient levels (Hofle, 1982, 
1983) and probably usually subsist on biomacro- 
molecules, which they are specialized to degrade. 
The main habitats of the Cytophagales, and thus 
convenient sources for their isolation, are soils at 
or close to neutral pH, decaying plant material, 
and dung of animals, particularly that of herbi- 
vores. In freshwater environments, they are 
found on river banks and lake shores, in estuar- 
ies, in aerobic bottom sediments, and in algal 
mats. Certain Cytophaga-like bacteria (CLB) 
have also been found in large numbers freely 
floating in water, especially during the cold sea- 
son, e.g., in Lake Constance, the Mindelsee, and 
the Feldsee in southwestern Germany (Graf, 
1962a; Reichardt, 1974; Ruschke and Rath, 
1966). The principal cellulose decomposers in 
southern Canadian lakes appear to be cytopha- 
gas (Hoeniger, 1985). CLB are common in sew- 
age plants where, in the aerobic regions, CLB 
may constitute 5 to 10% of the total cultivatable 
bacterial population (Glide, 1980). Here, too, a 
seasonal variation in the number of CLB can be 



observed, with a maximum in the winter months. 
Typically, the CLB are particularly enriched in 
those stages at the end of the purification pro- 
cess, where only recalcitrant organic molecules 
remain. 

In marine environments, the Cytophagales 
are abundant near the shores: on living and dead 
seaweeds, in aerobic and anaerobic bottom sed- 
iments, and on decaying sea animals, such as 
crustaceans with their chitin exoskeleton. 
Marine cellulose degraders have been found on 
fishing nets in Japan, where they once were a 
serious problem in the deterioration of the fabric 
(Kadota, 1956). Cellulose degraders seem, how- 
ever, not to be common in marine habitats; at 
least we have failed so far to isolate any from 
European coasts. Little is known about the dis- 
tribution of CLB in the open sea, and a careful 
investigation of this point would be desirable. As 
CLB are not likely to form spreading colonies on 
rich media, the “flavobacteria” that are often 
observed in ecological studies of various aquatic 
environments perhaps may frequently really be 
CLB instead. 

In estuarine habitats in the upper Chesapeake 
Bay, CLB were found to constitute a substantial 
proportion of the chitin-degrading bacterial flora 
(Reichardt et al., 1983), among them many fac- 
ultatively anaerobic, flexirubin-positive strains 
resembling Cy. johnsonae and Cy. aquatilis. 
These organisms tolerated various levels of 
salt, but did not depepnd on elevated salt 
concentrations. 

However, the boundaries between land and sea 
appear in general to be rather sharp for CLB. 
ILis may be concluded from the observation that 
virtually all strains of CLB and Flexibacter 
isolated by us from terrestrial and freshwater 
habitats contain, in addition to carotenoids, 
flexirubin-type pigments, while strains isolated 
from the sea coast usually produce carotenoids 
exclusively and only exceptionally produce 
flexirubin-type pigments (Reichenbach et al., 
1981). Since enormous numbers of terrestrial 
CLB must constantly be washed or blown into 
the sea, this can only mean that terrestrial strains 
cannot easily adapt to and become established in 
the marine environment. An interesting excep- 
tion may be Cy. flevensis. This is an agar-decom- 
posing organism that does not produce flexirubin- 
type pigments, both characteristics which would 
speak for a marine origin. It has, however, been 
isolated from fresh water of the Isselmeer in the 
Netherlands (van der Meulen et al., 1974). Since 
the Isselmeer is a part of the North Sea that has 
been separated from the open sea for decades 
and has gradually become constituted with fresh 
water, marine bacteria would have had ample 
time to adapt to gradually changing conditions 
and thus may have had a chance to survive. These 
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observations also suggest that marine and terres- 
trial CLB may be less closely related than was 
thought before; this is indeed supported by 16S 
rRNA analyses (Paster et al, 1985). 

In recent years, it has been discovered that 
CLB may also occur in milk and dairy products 
and perhaps occasionally contribute to deterio- 
ration (Jooste, 1985; Jooste et al, 1985). Even 
more serious are sporadic reports of CLB as 
human pathogens. CLB in the air humidifier 
system of a textile plant were found to be respon- 
sible for a hypersensitivity pneumonitis of work- 
ers; they were later described as a new species, 
Cy. allerginae (Flaherty et al., 1984; Liebert et al., 
1984). The Capnocytophaga species live in the 
tooth pockets of humans (Leadbetter et al., 
1979). Although a role for them in periodontic 
disorders has been discussed, it seems that the 
contribution of capnocytophagas to that disease 
is only a minor one at the most. But life-threat- 
ening septicemias and other kinds of general 
infections have been observed repeatedly and 
not only in immunocompromised patients as has 
originally been thought (e.g., Forlenza et al., 
1980; Paerregaard and Gutschik, 1987; Shlaes et 
al., 1982). Fortunately, the organisms respond 
well to antibiotics (Forlenza et al., 1981; Graaf 
and Morhard, 1966). 

An economically serious problem are the fish- 
pathogenic CLB. These organisms are gaining 
even more importance as fish cultivation is 
intensified. First discovered in aquarium fishes in 
the USA (Davis, 1922), infections with CLB 
became a major concern in the 1940s in the west- 
ern USA, where they caused severe losses 
among salmonid fishes in rivers and lakes and in 
fish hatcheries. The infections were then inten- 
sively studied, and it was discovered that more 
than one species of CLB were involved, causing 
several different diseases with diverse symp- 
toms. The two most important diseases were 
columnaris disease, brought about by Cy. colum- 
naris (= Fx. columnaris = Chondrococcus colum- 
naris), and cold water disease by Cy. 
psychrophila. One factor that may have contrib- 
uted to these outbreaks may have been the 
warming of the water by electric power plants, 
mainly along the Columbia River. It appears 
that, as a rule, unfavorable living conditions for 
the fish, like confinement, crowding, and subop- 
timal water temperature, favor infections by 
CLB (e.g., Anacker and Ordal, 1959; Becker and 
Fujihara, 1978; Bullock, 1972; Colgrove and 
Wood, 1966; Collins, 1970; Davis, 1949; Fujihara 
and Hungate, 1972; Fujihara et al., 1971; 
Garnjobst, 1945; Ordal and Rucker, 1944; Pacha, 
1968; Pacha and Ordal, 1970; Pacha and Porter, 
1968; Rucker et al., 1953; Snieszko and Bullock, 
1976). Fish diseases caused by CLB are now 
known worldwide, and they often are a serious 



threat to fish culturists (e.g., Ajmal and Hobbs, 
1967; Bootsma and Clerx, 1976; Deufel, 1974; 
Ghittion, 1972; Lehmann, 1978; Song et al., 1988; 
Wakabayashi and Egusa, 1974; Wakabayashi et 
al., 1970a, 1970b). In Europe, CLB diseases have 
been observed only since about 1965, but it is 
not clear whether the pathogens were there 
before but had previously been overlooked or 
whether infections have finally become estab- 
lished on a larger scale because environmental 
conditions have deteriorated. It appears that in 
the past few years Cy. psychrophila has begun to 
spread through Europe; again, the reasons are 
not known (Bernardet, 1989; Bernardet and 
Kerouault, 1989). Very recently, flavobacteria 
have also been found to be involved in fish dis- 
eases {Fv. branchiophila), and it will be interest- 
ing to see if they are related to fish pathogenic 
CLB. The data on DNA-DNA hybridization 
with Cy. columnaris were insignificant (Wakaba- 
yashi et al., 1989). Further, CLB diseases have 
been encountered in marine environments (e.g., 
Anderson and Conroy, 1969; Bullock, 1972; 
Campbell and Buswell, 1982; Hikida et al., 
1979), apparently due to infections by Fx. marit- 
imus (Bernardet et al., 1990; Wakabayashi et al., 
1986). CLB and flavobacteria obviously belong 
to the bacterial flora that colonize the eggs of 
cod and halibut, but in this case detrimental 
effects have not been demonstrated (Hansen 
and Olafsen, 1989). However, CLB may have a 
role in disorders of other marine animals; they 
have been linked to the destruction of the hinge 
ligaments of cultivated oysters (Dungan et al., 
1989). Based on what is known so far, it may be 
concluded that the infection mechanism of the 
CLB pathogenic for fish is connected to their 
very strong protease activity and, in some, also 
DNase activity. 

Isolation 

There are no selective methods that are univer- 
sally applicable for the enrichment and isolation 
of the diverse members of the Cytophagales. The 
general strategy for their isolation is to provide 
conditions that promote spreading growth on 
surfaces and then to pick organisms that produce 
spreading colonies or swarms (Fig. 3) for subcul- 
tivation. The nutrient level is usually kept low in 
the medium used for crude and enrichment cul- 
tures in order to stimulate gliding motility and 
delay development of contaminants. By combin- 
ing this approach with the use of special sub- 
strates in the isolation medium, nutritional 
specialists among the Cytophagales may be 
enriched more specifically, e.g., cellulose and 
chitin degraders. The isolation procedure thus 
always requires the use of plate cultures. Liquid 
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media have only been used successfully for bait- 
ing cellulose decomposers (see below). 

With some experience, it will often be possible 
to recognize members of the Cytophagales 
microscopically, because many have a character- 
istic cell morphology (Fig. 1 and 2). If that is not 
the case, the appearance of the colonies may 
provide a clue. The property of swarming pre- 
sents some difficulties since some organisms can- 
not be or, only with difficulty, can be induced to 
form spreading colonies, even when gliding 
motility can be recognized unequivocally by 
microscopic examination of wet mounts or by 
the occurrence of slime trails in chamber cul- 
tures. This is why quite a few CLB were origi- 
nally classified as Flavohacterium species. On the 
other hand, spreading growth is, of course, 
shared by other gliding bacteria. But there are 
only two other groups of organotrophic, unicel- 
lular gliders: the myxobacteria, which usually 
show a totally different swarm morphology and 
typically produce fruiting bodies in crude cul- 
tures (see The Genus Pelobacter in this Volume), 
and the lysobacters, which have a peculiar cell 
morphology, which is, however, shared by some 
CLB (see The Genus Lysobacter in Volume 6). 
In many cases, pigmentation may be a useful 
criterion. As already mentioned, many, although 
not all, members of the Cytophagales are bright 
yellow, orange, or red. These pigments are 
always cell-bound (in contrast to some or all of 
the Lysobacter pigments, which, in addition, are 
usually much paler). If growth is heavy, pigmen- 
tation can already be easily recognized in the 
colonies; alternatively it may be observed after 
the cells have been concentrated by scraping 
them together. A large group of soil and fresh- 
water strains of Cytophaga, Sporocytophaga, 
CLB, and Flexibacter produce flexirubin-type 
pigments that, upon addition of alkali, turn from 
orange to purple (Achenbach et al., 1978; 
Reichenbach et al., 1974). This test can easily be 
applied to culture plates. In this case, the yellow 
or orange colonies will turn a much deeper 
color, either red, purple-violet, or brown, when 
spotted with 10% KOH solution. The color 
change differs from that of the pure pigments 
because of the presence of other pigments, usu- 
ally carotenoids, which alter the flexirubin 
absorption spectrum. The color change reaction 
is reversible upon addition of HCl. If a gliding 
bacterium gives a positive result with this color 
test, one can be certain that it belongs to one 
of the above-mentioned groups of organisms. 
The only nongliding bacteria known to contain 
flexirubin-type pigments are the phylogeneti- 
cally related, low GC (true) flavobacteria 
(Reichenbach et al., 1980; Weeks, 1981). It 
should be understood, however, that the 
described color change is a phenolate reaction 



that can also be observed with other pigment 
types. In fact, a similar color reaction has been 
found in Brevibacterium linens, which contains 
the phenolic carotenoid 3,3'-dihydroxy-isoreni- 
eratene (Kohl et al., 1983). Nonmotile, Gram- 
positive Brevibacterium, of course, cannot easily 
be confused with the organisms discussed here. 

Sources for the isolation of Cytophagales will 
be found in the section on “Habitats.” If a broad 
representation of those organisms is desired, the 
samples should be processed soon after collec- 
tion, especially if the samples are from aquatic 
or humid environments, because in such samples, 
oxygen depletion and desiccation in particular 
can quickly lead to the elimination of sensitive 
species. Thus, in my experience, the cellulose- 
degrading Cytophaga species are easily lost in 
this way. On the other hand, many species of 
Cytophagales are completely desiccation resis- 
tant; I have been able to isolate strains of Sporo- 
cytophaga, Flexibacter, CLB, and Taxeobacter 
from samples that had been air-dried and stored 
for 5 to 10 years at room temperature. 

Methods for the Isolation of Cytophagales 

Small samples of promising natural material are 
inoculated either as individual spots or as one to 
three well-separated streaks onto the surface of 
dry water agar (WAT agar) plates. For marine 
samples, seawater agar (MSI or SW2 agar) is 
used. Alternatively, media with a very low nutri- 
ent content may be used (CYT, MS4, SP2, SP6 
agar). Finely divided samples such as soil may 
also be sprinkled over the plate, as a way of 
multi-spot inoculation. This can be advantageous 
because the organisms tend to stick to tiny par- 
ticles and thus may be distributed in the sample 
very unevenly. To reduce the growth of fungi, 
cycloheximide (2.5 mg/100 ml) should be added 
to the isolation medium (not necessary with 
marine samples). 

WAT Agar and WCX Agar 

CaCl2'2H20 0.1% 

Agar 1.5% 

The pH is adjusted to 7.2. The medium is autoclaved. 
After autoclaving, 25 jig cycloheximide may be added per 
ml from a filter-sterilized stock solution for WCX agar. 

MSI Agar 

Agar 1.5% 

In natural seawater. 

The pH is not adjusted. The medium is autoclaved. 

SW2 Agar 

Na acetate 0.002% 

NH 4 CI 0.1% 

Agar 1.5% 

In artificial seawater (see below). 

The pH is adjusted to 7.2. The medium is autoclaved. 
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Artificial Seawater (Dawson et al., 1969) 



NaCl 


24.7 g 


KCl 


0.7 g 


MgS04 • 7 H 2 O 


6.3 g 


MgCh • 6 H 2 O 


4.6 g 


CaCb anhydrous 


1.0 g 


NaHCOs 


0.2 g 


Dissolve in 1 liter water. To prevent precipitation, CaCb 
and NaHCOs are autoclaved as separate stock solutions. 


CYT Agar 




Casitone (Difco) 


0 . 1 % 


Yeast extract (Difco) 


0.05% 


CaCh • 2 H 2 O 


0.05% 


MgCh • 7 H 2 O 


0.05% 


Agar 


1.5% 


The pH is adjusted to 7.2. The medium is autoclaved. 


MS4 Agar 




(NH 4 ) 2 S 04 0 . 1 % (autoclaved separately) 

Glucose 0.2% (autoclaved separately) 


Agar 1.5% 




In natural seawater. 




The pH is not adjusted. The medium is autoclaved. 


SP2 Agar 




Casitone (Difco) 


0 . 1 % 


Yeast extract (Difco) 


0 . 02 % 


Na acetate 


0 . 002 % 


Agar 

In artificial seawater. 


1.5% 


The pH is adjusted 


to 7.2. The medium is autoclaved. 


SP6 Agar 




Casitone (Difco) 


0.03% 


Yeast extract (Difco) 


0 . 01 % 


Agar 


1.5% 



In artificial seawater. 

The pH is adjusted to 7.2. The medium is autoclaved. 



The plates are incubated at 30°C, at room tem- 
perature, or at 12°C, depending on the origin 
of the samples. Cultures started from aquatic 
sources are usually incubated at the lower tem- 
perature range because many aquatic CLB will 
not grow above 25 to 27°C. 

The cultures are checked at regular intervals 
of 1 to 2 days for spreading colonies. It takes 
between 24 h and several weeks for spreading 
organisms to appear, depending on the organ- 
ism, the incubation temperature, and the nutri- 
ent concentration in the culture, which may have 
been substantially augmented by the introduced 
sample material. As the spreading swarms are 
often filmlike and extremely delicate, the plates 
must be examined with a dissecting microscope 
equipped with a tiltable mirror so that side illu- 
mination can be used from below. Some experi- 
ence is required before gliding organisms can be 
reliably distinguished from flagellated bacteria, 
which occasionally also spread out (Fig. 3b and 



3d). A good distinguishing characteristic is usu- 
ally the pattern of the swarm edge which, for 
gliding bacteria, is usually dentate with fine 
flamelike projections, while for flagellated 
organisms, it tends to be entire or coarsely 
lobed. However, certain Bacillus strains that 
form long filaments may also spread out with 
flamelike tongues at the edge of their colonies. 
Amebae or, in marine samples, gliding diatoms 
like Nitzschia putida may mislead the investiga- 
tor. Usually a look through the microscope will 
quickly dispel all doubts; thus, e.g., no gliding 
bacterium is known that is able to swim actively 
(that is, move without being in contact with a 
surface). 

The baiting technique used for the isolation of 
myxobacteria (see The Genus Pelobacter in this 
Volume) also often yields members of the 
Cytophagales. Living cells of Escherichia coli are 
streaked cross-wise or in three parallel lines onto 
water agar and inoculated with a suitable sample. 
The organisms develop along the E. coli streaks, 
often without lysing them, and spread as an 
extremely thin film, usually a monolayer, far out 
over the agar surface between the streaks. The 
technique is in essence nothing else than an 
enrichment in a low nutrient medium. 

If the Cytophagales are present in sufficiently 
high numbers, the samples can be suspended in 
sterile water, diluted, and plated. Media with low 
nutrient concentrations, like CYT and SP6 agar, 
are well suited. Media with a somewhat higher 
nutrient concentration, like CY, SP2, and SAP2 
agar, may also be used. They result in higher 
colony counts, but spreading of the gliding bac- 
teria may be reduced or suppressed completely 
(Fig. 3i and 3j). Here, the color of the colonies 
may provide a useful lead. It should be kept in 
mind, however, that dilution plating is often not 
very successful, because the organisms tend to 
stick to particles and may be lost during the first 
few dilution steps. 

CY Agar, CYG2 Agar, and CYCX Agar 



Casitone (Difco) 0.3% 

Yeast extract (Difco) 0.1% 

CaCl2-2H20 0.1% 

Agar 1.5% 



The pH is adjusted to 7.2. The medium is autoclaved. The 
medium may be supplemented with 0.3% glucose, which 
is separately autoclaved, for CYG2 agar. If the medium 
is used for plating of dilution steps, 25 pg cycloheximide 
may be added per ml after autoclaving from a filter- 
sterilized stock solution, for CYCX agar. 

SAP2 Agar 

Tryptone (Difco) 0.1% 

Yeast extract (Difco) 0.1% 

Agar 1.5% 

In artificial seawater. 

The pH is adjusted to 7.2. The medium is autoclaved. 
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Water samples may be plated directly or upon 
dilution. Often, however, it will be necessary to 
concentrate the bacteria by passing the sample 
through a membrane filter. The filter is then incu- 
bated right-side up on a suitable culture plate, 
either as a whole or after having been cut into 
several sectors; the latter approach increases the 
chance of isolating several different organisms. If 
media with somewhat higher nutrients are used, 
like CY or SAP2 agar, the incubation time is 
shortened and, thus, the danger of overgrowth 
reduced. But spreading of the organisms may 
become more or less suppressed, so that mem- 
bers of the Cytophagales can only be recognized 
by their color and cell shape. The strategy that is 
best applied depends on the load of contami- 
nants expected. Some of the smallest gliding bac- 
teria can move through the filter pores (at 0.3- to 
0.5-pm pore size) and form colonies on the agar 
surface below. This can be used as a selective 
technique. In this case, the filter should be 
removed from the agar surface after about one 
day to prevent contaminants from also moving 
through the filter. 



decomposers are soil, material from sewage 
plants, and the shells of dead crustaceans. All 
known chitin-degrading Cytophagales can also 
grow very well without chi tin, e.g., on CY agar, 
and they can be isolated by the general tech- 
niques described above. Thus, they can be puri- 
fied by plating on, e.g., CY or SAP2 agar. 

CT6 Agar 
Top layer: 

MgS04-7H20 0.1% 

K2HPO4 0.02% 

Agar 1.5% 

The pH is adjusted to 7.5. After autoclaving, enough 
chitin is added to give an easily recognizable turbidity, 
which should be achieved with about 0.5% chitin. The 
chitin is taken from an autoclaved stock suspension of 
reprecipitated material; the suspension must be dense 
enough so that the volume to be added to the medium 
does not exceed 30%. The preparation of the chitin is 
described in The Genus Lysobacter in this Volume 6. The 
medium is poured as a thin layer on top of the following: 



Base agar: 




Casitone (Difco) 


0.1% 


Yeast extract (Difco) 


0.05% 


MgS04 • 7H2O 


0.1% 


Agar 


1.2% 


The pH is adjusted to 


7.2. The medium is autoclaved. 



Isolation of Nutritionally 
Specialized Organisms 



Agar Decomposers. Agar decomposers are 
very common in marine environments and can 
be obtained by the methods outlined above. 
They are easily recognized, because their colo- 
nies rest in shallow craters or in deep pits, and 
are surrounded by large, uncolored, “gelase” 
zones if the plate is flooded with iodine solution 
(Stanier, 1941; Veldkamp, 1961). Some organ- 
isms liquify the agar very quickly so that they 
can only be isolated if widely separated colonies 
are obtained after plating. Here, the filter migra- 
tion technique described above is sometimes 
useful. A few agar-decomposing CLB have also 
been found in freshwater habitats near the sea 
coast, viz. Cy. flevensis (van der Meulen et al., 
1974) and Cy. saccharophila (Agbo and Moss, 
1979). 



Chitin Decomposers. Chitinolytic bacteria are 
very common among the Cytophagales. Samples 
are streaked out on chitin agar, e.g., CT6 or CT7 
agar (for marine strains, on CT8 or CT9 agar). 
The chitin is only added in a thin top layer in 
order to conserve chitin, which is relatively labo- 
rious to prepare, and to prevent the chitin from 
settling on the bottom of the dish out of reach of 
the organisms; in addition, superior results 
are obtained in this way because the cleared 
zones in the opaque chitin layer appear sooner 
and become more pronounced (Stanier, 1947; 
Veldkamp, 1955, 1965). Good sources for chitin 



CT7 Agar 

I Top layer as for CT6 agar. The base agar is WAT agar. On 
this medium only organisms that can use chitin as the only 
carbon and nitrogen source are able to grow. 

CT8 Agar 
Top layer: 

K2HPO4 (autoclaved separately) 0.02% 

Agar 1.5% 

In artificial seawater. 

The pH is adjusted to 7.5. After autoclaving, chitin is 
added, as for CT6 agar. The medium is poured on SW2 
agar plates. 

CT9 Agar 

I Top layer as for CT8 agar; base agar is SP2 agar. 



Cellulose Decomposers. Decaying plant 
material or soil is sprinkled on filter paper that 
has been placed on mineral salts agar, e.g., ST6 
agar (for marine organisms, SW5 agar may be 
used). 



ST6 Agar and ST6CX Agar 



(NH4)2S04 
MgS04 • 7 H 2 O 
CaCfi • 2H2O 
MnS04 • 7 H 2 O 
FeCh • 6H2O 
Yeast extract (Difco) 
Agar 
K2HPO4 



0.1% 

0.1% 

0.1% 

0.01% 

0.02% 

0 . 002 % 

1 % 

0.1% (autoclaved separately) 
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After autoclaving, a filter-sterilized trace element solution 
is added, and, for crude cultures, 25 jig cycloheximide per 
ml from a filter-sterilized stock solution is added, for 
ST 6 CX agar. A recipe for a trace element solution is found 
in The Genus Pelobacter in this Volume. 

SW5 Agar 



(NH4)2S04 


0 . 1 % 


Yeast extract (Difco) 


0 . 02 % 


Agar 


1 % 


K 2 HPO 4 (autoclaved separately) 


0 . 1 % 


In artificial seawater. 





The medium is autoclaved. 



It appears that the type of filter paper used 
does not make much difference; we get good 
results with thin, moderately dense, high- 
quality filter paper (68 g/m^, ash 0.1 to 0.2%, 
more than 95% a-cellulose). Growth of cytoph- 
agas on mineral salts agar with cellulose is usu- 
ally considerably stimulated by Ca^^, and 

Fc 2+/3+ (Bortels, 1956). While media with NOa” 
as the nitrogen source are often recommended 
in the literature, in my experience, media with 
NH/ are far superior for the isolation of 
cytophagas and sporocytophagas, at least on 
agar media. 

As an alternative, enrichment cultures may 
be started with strips of filter paper immersed 
in a mineral salts solution, e.g., Dubos medium 
or ST5 medium, in test tubes, so that part of 
the filter paper remains above the surface of 
the liquid. The tubes are then inoculated. After 
incubation for 1 to 3 weeks, glassy, translucent 
yellow to orange or red spots on the paper 
at the air-liquid interface indicate growth of 
cellulose-decomposing cytophagas and sporocy- 
tophagas. The yellow and orange spots usually 
give the flexirubin reaction when a drop of 
10% KOH solution is added, but some (terres- 
trial) Cytophaga strains are flexirubin-negative. 
It appears that, in general, enrichment on 
plates gives better results because it allows the 
use of a heavier inoculum. However, an enrich- 
ment in liquid medium may be useful when 
habitats are investigated that are poor in cellu- 
lose degraders, such as marine environments. 
For the latter, good results have been reported 
with KM7 mineral medium and incubation at 
25°C (Kadota, 1956). As already mentioned, 
fresh samples should be used for isolating 
Cytophaga strains. 

Dubos Mineral Medium (Dubos, 1928) 



NaNOa 


0.05% 


K 2 HPO 4 (autoclaved separately) 


0 . 1 % 


MgS04 ' 7 H 2 O 


0.05% 


KCl 


0.05% 


FeS04 • 7 H 2 O 


0 . 001 % 


The pH is adjusted to 7.2. The medium is autoclaved. 



ST5 Mineral Medium (Stanier, 1942) 

(NH4)2S04 0.1% 

K 2 HPO 4 (autocfaved separately) 0 . 1 % 

MgS04 • 7H2O 0.02% 

CaCl2'7H20 0.01% 

FeCb 0 . 002 % 

The pH is adjusted to 7.0 to 7.5. The medium is auto- 
claved. For enrichment cultures, 25 pg cycloheximide is 
added per ml from a filter-sterilized stock solution. 

KM7 Mineral Medium (Kadota, 1956) 



NaNOs 


0.05% 


K2HPO4 


0.1% 


MgS04 • 7 H 2 O 


0.05% 


FeS04 • 7 H 2 O 


0.01% 


In natural seawater. 





The pH is adjusted to 7.2. The medium is autoclaved. 
This medium was originally developed for a different pur- 
pose, which explains the inclusion of relatively small 
amounts of MgS 04 in a seawater medium. 

The purification of cellulose decomposers 
may be a tedious procedure that requires skill 
and considerable patience, and it almost always 
takes several weeks or months. The first subcul- 
tures are best started on filter paper placed on 
mineral salts agar. Now, however, small (about 
10 X 15 mm) rectangular filter strips are usually 
used and inoculated independently from differ- 
ent sites of the crude culture. The filter paper 
pieces, three or four per plate, are kept well 
separated to prevent the passage of contami- 
nants from one to the other. Of course, 
organisms such as flagellated bacteria, amebae, 
ciliates, and nematodes will spread quickly 
within the water-soaked filter pad. Before fur- 
ther purification is attempted, they should first 
be eliminated. To get rid of amebae, which are 
almost always abundant in cultures started 
from soil, the plate is exposed to the vapors of 
a 5% ammonia solution for 2 min (M. Aschner, 
personal communication). After another one to 
two minutes of incubation, the cytophagas are 
transferred to a fresh plate. If there are very 
many amebae, the procedure may have to be 
repeated after the cellulose decomposers have 
grown up. If nematodes are still there, the plate 
is frozen at -80°C for 2 days. The cellulose 
decomposers are transferred to a fresh plate as 
soon as possible after thawing. Next, contami- 
nating bacteria have to be removed, which is 
the most difficult step. After the load of con- 
taminants has been reduced by repeated trans- 
fers to filter paper on mineral salts agar, the 
cellulose decomposer may be transferred to 
cellulose overlay agar; we have often had good 
results with CELl agar. 
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CELl Agar 




Top layer; 




(NH4)2S04 


0 . 1 % 


Cellulose powder 


0.5% 


Agar 


1 . 0 % 



Cellulose powder MN300 from Macherey and Nagel 
(Diiren, Germany) works well. 

The pH is adjusted to 7.2. The medium is autoclaved 
and then poured as a thin layer on top of ST 6 agar plates. 

The cellulose decomposers penetrate the agar 
medium and spread within the cellulose layer, 
concommitantly producing a clear lysis zone. 
Most or all of the contaminants stay close to the 
inoculation site, so that after 1 to 3 weeks, a pure, 
or at least improved, inoculum can be obtained 
from the edge of the lysis zone. 

Favorable results are sometimes obtained by 
inoculating a small rectangle of filter paper that 
has been placed on top of cellulose overlay 
agar, preferably close to one side of the plate. 
In this case, the cellulose decomposers grow 
profusely on the filter paper, and from there 
they spread within the cellulose agar, while the 
contaminants tend to remain in the macerating 
filter paper where they find higher nutrient 
concentrations. 

We also find carboxymethyl cellulose media, 
like STIO agar, useful for purification of cellulose 
decomposers. On this medium, too, they spread 
within the substrate; this can be recognized from 
a slowly increasing, shallow depression in the 
surface of the plate. Growth is usually very thin 
and can barely be seen, if at all; but bacterial cells 
are found under the microscope if slide mounts 
are made from the depressed area. Transfers are 
made from the edge of the depression zone after 
some time. 



STIO Agar 

(NH4)2S04 0 . 1 % 

MgS04'7H20 0 . 1 % 

CaCl 2 - 2 H 20 0 . 1 % 

FeCls 0 . 02 % 

K 2 HPO 4 (autoclaved separately) 0 . 1 % 
Casitone (Difco) 0.2% 

Carboxymethyl cellulose 1.5% 

Agar 0.6% 



Carboxymethyl cellulose Sigma no. C-5013, sodium salt, 
high viscosity, works well. 

After autoclaving, standard trace elements (see The 
Genus Pelobacter in this Volume) and, if used for contam- 
inated strains, 25 jig cycloheximide per ml are added from 
filter-sterilized stock solutions. 

Another technique for purification is to trans- 
fer the cellulose decomposers to a membrane 
filter (cellulose nitrate, 0.3 to 0.4 pm pore size) 
on cellulose overlay agar or, better, on a mem- 
brane of regenerated cellulose (e.g., no. 11604/ 
50/N, pore size 0.8 pm, from Sartorius, Gottin- 



gen, Germany) on ST6 agar. The cytophagas will 
migrate through the membrane filter and pro- 
duce colonies on the substrate below. If regener- 
ated cellulose is used, these colonies appear 
particularly early and show a sharp margin. It 
may, however, still take from 1 to 3 weeks before 
colonies develop. They are often bright yellow 
and spread very slowly. With this technique, the 
time of removal of the top membrane is crucial, 
because other bacteria may soon grow through 
the membrane and contaminate the cellulose 
degraders again. Therefore, it is best to start sev- 
eral parallel cultures and to remove the top 
membrane at various different times, e.g., after 
incubation at 30°C overnight, for 1 day, and for 
2 days. 

With sporocytophagas, final purification is 
often possible by cautious heating of microcysts 
suspended in water. The heat resistance seems to 
vary substantially from strain to strain and prob- 
ably also depends on the maturation stage. For 
example, the thermal death point was reached 
after 10 min at 68°C with one strain of Sp. myxo- 
coccoides, while another strain survived 10 min 
at 70°C; a strain of Sp. ellipsospora was killed 
after 10 min at 58°C (Imshenetsky and Solnt- 
seva, 1936; Sijpesteijn and Fahraeus, 1949). We 
found that occasionally a strain may even survive 
boiling for 10 min. Results are usually satisfac- 
tory in our laboratory if we incubate microcysts 
at 58°C and take samples after 10, 20, and 40 min. 
The heated samples may be streaked on CELl 
agar, on filter paper on CY agar, or on CA2, 
CA13, or HP18 agar. 

CA2 Agar (Mullings and Parish, 1984) 



Base agar; 




Agar 


1 . 5 % 


Stock solution A: 




KNO3 


7.5 g 


K2HPO4 


7.5 g 


Dissolved to give 


100 ml. 


Stock solution B: 




MgS04 • 7 H 2 O 


1.5 g 


Dissolved to give 


100 ml. 


Stock solution C; 




CaCfi ' 2H2O 


0.27 g 


FeCh 


0.15 g 


Dissolved to give 


100 ml. 



After autoclaving, the base agar is supplemented 
with: (a) 1% (v/v) of each of the three stock solutions; 
(b) 1% (w/v) of glucose (from an autoclaved 20% stock 
solution); and (c) standard trace elements (see, e.g.. The 
Genus Pelobacter in this Volume). 

CA13 Agar 

I As for CA2 agar, but the KNO3 in stock solution A is 
replaced by 0.5 g of (NH 4 ) 2 S 04 . 
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HP18 Agar 

Na glutamate 0.1% 

MgS04-7H20 0.1% 

Agar 1.5% 

The pH is adjusted to 7.2. After autoclaving, 0.1% glucose 
(from an autoclaved stock solution) and standard trace 
elements are added. 

Of course, plating of diluted cell suspensions 
would seem to be the method of choice for the 
purification of cellulose-degrading cytophagas. 
However, this can only be done if the organisms 
are already enriched to near purity since colo- 
nies composed of single cells are apparently not 
produced by these organisms, not even on 
glucose-containing media, such as those just 
mentioned, that allow massive growth of 
pure cultures. Whenever isolated colonies are 
obtained upon plating, these colonies probably 
always start from cell clusters, and these are nor- 
mally contaminated when heavily contaminated 
cultures are used to prepare the suspension. Fur- 
ther, the cellulose degraders produce a lot of 
slime which makes it difficult to suspend the 
cells uniformly in a liquid. After plating on 
cellulose-overlay agar, colonies which are sur- 
rounded by a lysis zone appear only after weeks 
of incubation, and this gives contaminants ample 
time to develop and overgrow the cellulose 
degraders. Gliding and spreading bacteria 
become a particular nuisance under such condi- 
tions. It may be mentioned here that, when glu- 
cose is used in a medium, care has to be taken to 
sterilize the glucose separately, either by filtra- 
tion or by autoclaving, since cellulose-degrading 
cytophagas are extremely sensitive to toxic 
products arising when glucose is autoclaved 
together with other medium compounds 
(Stanier, 1942). Cellulose-degrading sporocy- 
tophagas and cytophagas have been known for 
many years (Hutchinson and Clayton, 1919; 
Winogradsky, 1929), but relatively few pure 
strains are available. They are very common in 
soil and decaying plant material (for their occur- 
rence, isolation, and cultivation, see Fahraeus, 
1947; Imschenezki, 1959; Imshenetski and 
Solntseva, 1936; Kadota, 1956; Krzemieniewska, 
1930; Krzemieniewska, 1933; Stanier, 1942; 
Stapp and Bortels, 1934; Veldkamp, 1965). 



Pectin Decomposers. Pectin-decomposing CLB 
can be obtained by plating samples, e.g., lake 
water, on pectin overlay agar like PEKl agar or 
on PEK7 agar. Pectolytic organisms cause shal- 
low depressions in the pectin gel or liquefaction; 
on PEK7 agar, the colonies are surrounded by 
clearing zones in a background of finely divided, 
dispersed pectin flakes or granules, which may 
be clearly seen, however, only under a dissecting 



microscope. If such plates are flooded with 
iodine solution, colonies of pectolytic organisms 
are surrounded by light yellow halos in a brown 
plate. The preparation of pectin media is some- 
what tricky, and the results depend decisively on 
the type of pectin used. We found pectin from 
apple, 38% esterified (from Roth, Karlsruhe, 
Germany), useful. 

PEKl Agar (Gude, 1973) 



Base agar: 

Part A: 

NH 4 CI 1 g 

CaCfi • 2 H 2 O 3 g 

In 100 ml water. 

Part B: 

K 2 HPO 4 0.5 g 

In 50 ml water. 

Part C: 

MgS 04 • 7 H 2 O 0.2 g 

Agar 15 g 



Tris HCl buffer, 1 M, pH 8.0 100 ml 

In 750 ml of water. 

After autoclaving the solutions are combined, standard 
trace elements (see The Genus Pelobacter in this Volume) 
are added, and plates are poured. 

Top layer: 

12 g pectin is slowly dissolved in 300 ml water of 70°C, 
the pH is adjusted to 7.2, and the medium is autoclaved 
for exactly 10 min at 110°C. The solution is poured as a 
thin layer on base agar plates and will form a gel within 
5 h. During autoclaving, the medium may become dark, 
but this does not interfere with its usefulness. 



PEK7 Agar 
Top agar: 

Casitone (Difco) 0.2% 

Pectin 0.5% 

MgS04'7H20 0.1% 

CaCl2-2H20 0.1% 

Agar 1.2% 



The pH is adjusted to 7.2. The medium is autoclaved and 
poured on CY agar plates. 

Pectolytic CLB are very common in freshwa- 
ter (Glide, 1973). They have also been isolated 
from soil samples after enrichment by percola- 
tion of a 1% pectin solution through the samples 
(Dorey, 1959; his Fv. pectinovorum is actually a 
CLB: Christensen, 1977b). The pectolytic CLB 
do not depend on pectin but may be stimulated 
by the presence of a carbohydrate like glucose. 
Tliey can easily be purified by plating a diluted 
cell suspension on, e.g., CY agar 0.3% glucose 
(= CYG2 agar) or on MYX agar. 

MYX Agar 



Na glutamate 


0.5% 


Yeast extract (Difco) 


0.1% 


MgS04 ' 7 H 2 O 


0.1% 
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Glucose (autoclaved separately) 0.2% 

Agar 1.5% 

The pH is adjusted to 7.2. The medium is autoclaved. 

Fish Pathogens. CLB pathogenic for fish can 
usually be isolated and cultivated on relatively 
simple media. For freshwater strains, AO agar 
has been used with good results (e.g., Anacker 
and Ordal, 1955; Bullock, 1972; Pacha and Ordal, 
1967; Snieszko and Bullock, 1976). 

AO Agar (Anacker and Ordal, 1955) 



Tryptone (Difco) 


0.05% 


Yeast extract (Difco) 


0.05% 


Beef extract 


0.02% 


Na acetate 


0.02% 


Agar 


1.2% 


The pH is adjusted to 7.2. 


The medium is autoclaved. 



The agar concentration may be varied depending on 
the purpose for which the medium is used; a reduction to 
0.9% is recommended for the first isolation from fish (for 
AOW agar) and to 0.4% for stock cultures (for AOS 
agar). 

Infested material from gills, skin lesions, or 
internal organs, such as kidney or spleen, is 
streaked on agar plates and incubated at 12 to 
18°C or at 30°C depending on the origin of the 
fish. Initially, media containing diluted fish infu- 
sion were used for isolation (Ordal and Rucker, 
1944), but this seems not to be required, at least 
not in all cases, because similar results have been 
obtained with beef extract (Bernardet, 1989). 
However, sometimes, the fish pathogens grow 
very slowly at first and need an adaptation period 
before they can conveniently be handled (Ordal 
and Rucker, 194). This is not totally unusual, for 
it has been observed that a CLB that had been 
growing for a long time in a chemostat lost its 
ability to grow on plates, so that the plate count 
dropped to 20% of the viable cell count (Hofie, 
1983). The medium used for isolation is, of 
course, not exclusive for pathogenic CLB, or 
CLB at all, and many kinds of saprophytic bac- 
teria will grow on it as well. This may become a 
problem especially if the fish has already been 
dead for some time, because it is quickly colo- 
nized by putrefying organisms. A study of the 
drug resistance of a collection of Cy. columnaris 
strains revealed that the organism is resistant to 
a number of antibiotics (Fijan and Voorhees, 
1969), and by the addition of neomycin (5 qg/ml) 
-h polymyxin B (10 units/ml) to AO agar, the 
isolation yields could be improved (Fijan, 1969). 
The pathogenic CLB can be recognized on the 
plate by their yellow to orange colonies, which 
give a positive fiexirubin reaction, and, in the 
case of Cy. columnaris, by a very typical, rhizoid- 
colony morphology. Spreading of the colonies is 
not always well pronounced, especially with Cy. 



psychrophila, but this organism can easily be rec- 
ognized, because it does not grow at 30°C and, 
in contrast to environmental CLB, does not uti- 
lize sugars. 

For isolating CLB pathogenic for marine 
fish AOW agar prepared with artificial seawater 
(= MAOW agar) or, for estuarine sources, with 
one-third-strength artificial seawater (= BAOW 
agar) is useful. Also, a richer medium. Marine 
Agar (Difco), which is a peptone (0.5%)-yeast 
extract (0.1%) agar (1.5%) in artificial seawater, 
has been used with good results (Hikida et al., 
1979; Campbell and Buswell, 1982). In another 
case, the pathogen proved more fastidious and 
could only be isolated and cultivated on an agar 
medium containing 5 % of an enzymatic digest of 
fish muscle in addition to peptone (0.1%) and 
yeast extract (0.1%) in seawater (Anderson and 
Conroy, 1969). In this case it was also shown that 
the organism depended on a high salt concentra- 
tion and that a NaCl solution could not replace 
seawater. In fact, the fish — rainbow trout with 
severe lesions on the jaws and snout (“erroded 
mouth disease”) — could be healed simply by 
transfer to fresh water. Cy. columnaris, on the 
other hand, is completely inhibited by 1% NaCl 
(Fijan and Voorhees, 1969; Pacha and Ordal, 
1970). 



The Genus Capnocytophaga. The capno- 
cytophagas are normal inhabitants of the human 
oral cavity, where they can be found in tooth 
pockets and in the dental plaque. They may also 
occur in large numbers in periodontal disorders 
and infected lesions in the mouth. The genus was 
established by Leadbetter et al. 1979, but the 
organisms are very probably identical with the 
fast-gliding, anaerobic, slender rods discovered 
20 years earlier during a study of fusospirilloses 
of the human oral cavity, which were described 
under the name Sphaerocytophaga (Graf, 1961). 
In fact, they were known even before that time, 
but as Bacteroides species. Although the capno- 
cytophagas have a strictly fermentative metabo- 
lism, they are not particularly sensitive to oxygen 
and grow both in the presence and in the absence 
of oxygen, provided an elevated level of CO 2 is 
supplied. The capnocytophagas are not fastidious 
at all and can easily be isolated and cultivated 
(Forlenza and Newman, 1983; Graf, 1961; 
Leadbetter et al., 1979). Originally they were iso- 
lated on 10% sheep’s blood agar. The samples 
were streaked onto the agar surface, and the cul- 
tures were incubated for 7 to 8 days at 37°C in 
Fortner plates, i.e., a co-culture with a facultative 
anaerobe. Spreading colonies were obtained, 
which showed a reddish hue and consisted of 
cells that were more or less yellow when scraped 
together (Graf, 1961). 
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Leadbetter et al. 1979 recommended the fol- 
lowing procedure: The sample material is quickly 
transferred to a screw-cap tube containing a 
modified Ringer’s solution (NaCl, 0.9%; KCl, 
0.042%; CaCb • 2 H 2 , 0.025%). Plaque material 
may be homogenized by a short burst of ultra- 
sound (5 to 10 sec). Within 30 min after sampling, 
streaks are made on trypticase soy broth agar 
(TSB agar), which may be supplemented with 
5% sheep’s blood; the blood is, however, not 
essential. The cultures are incubated at 37°C 
in an atmosphere of H 2 + CO 2 + N 2 (GasPak, 
Baltimore Biological Laboratories = BBL). After 
2 to 3 days, spreading colonies may be observed, 
but higher yields are obtained after 5 days (100% 
rather than 45%; Forlenza and Newman, 1983). 
There are three types of colonies — grey, pink, 
and yellow — but the cell masses of all three are 
yellow when scraped together. The shapes of the 
colonies depend critically on the ingredients used 
for preparing the medium: With stocks from 
other suppliers than BBL, nonspreading, small, 
compact colonies were obtained on the same 
type of medium (variations of this kind could, 
however, also be a result of using different 
batches of a medium component from the same 
supplier). The strains are purified by repeatedly 
streaking out material from swarm edges. 

TSB Agar (Leadbetter et al., 1979) 

Trypticase soy broth (BBL) 3% 

Agar 3% 

The pH is 7.3 (unadjusted). The medium is autoclaved. 
Trypticase soy broth consists of: 

Trypticase peptone 1.7% 

Phytone peptone 0.3% 

NaCl 0.5% 

K 2 HPO 4 0.25% 

Glucose 0.25% 

TSB agar may be supplemented with 5% sheep’s blood 
(for TS-blood agar). 

The capnocytophagas may also be first 
enriched by suspending sample material in tryp- 
ticase soy broth without glucose in screw-cap 
tubes. After tightening the lids, the tubes are 
incubated at 37°C for 3 days. After that, large 
numbers of slender fusiform rods may be found 
in the liquid. Isolates are obtained by streaking 
the cell suspension on the media mentioned 
above. 

It may be mentioned here that free-living CLB 
are also known that require CO 2 for fermenta- 
tive growth on glucose — for example, the facul- 
tative anaerobe Cy. succinicans (Anderson and 
Ordal, 1961a, 1961b). 

In addition to capnocytophagas, CLB that are 
not obligatory fermentative and that do not 
require CO 2 have also been found in dental 
plaque (London et al., 1982). The organisms 



could be isolated on blood agar media similar to 
those mentioned above, e.g., Columbia blood 
agar (BBL) or modified Schaedler agar with 5% 
defibrinated horse blood. The plates were incu- 
bated at 37°C in a GasPak atmosphere, but the 
bacteria can grow equally well in a normal atmo- 
sphere. The organisms were recognized by their 
spreading swarm colonies. 

Purification 

Purification of most members of the Cytoph- 
agales is relatively uncomplicated. It is usually 
sufficient to suspend, dilute, and plate samples 
from enrichment cultures by conventional meth- 
ods. In some instances, e.g., with Cy. columnaris, 
the preparation of homogeneous suspensions 
may be difficult because the cells are embedded 
in a tenacious, sticky slime, but use of a small 
tissue homogenizer normally solves this prob- 
lem. The plating medium should contain some- 
what higher nutrient concentrations than the 
enrichment medium contains because high plat- 
ing efficiency is desirable, and spreading growth 
is not required and should in fact be repressed. 
Some suitable media are CY agar, sometimes 
better with glucose (e.g., CYG2 agar); MYX 
agar; and, for marine strains, SAP2 agar. Often, 
pure strains are quickly obtained by repeatedly 
transferring material from the edges of spreading 
swarm colonies. These transfers should be made 
carefully, preferably by cutting out a little block 
of agar with the swarm edge using the sharp 
needle of a 1-ml disposable syringe. For this tech- 
nique, media that favor gliding motility are, 
of course, preferable. The specific problems 
encountered with certain groups of the Cytoph- 
agales have already been discussed. 

Cultivation 

Most bacteria of the order Cytophagales can be 
cultivated on relatively simple media. VY/2 agar 
and CY agar have proved useful for all terrestrial 
and freshwater organisms except the cellulose 
decomposers. Cultures usually remain viable 
longer on VY/2 agar because growth is lighter 
and the pH is not changed as much as on CY 
agar. VY/2 agar is also useful for deciding 
whether an organism is a glider because it stim- 
ulates spreading growth. If heavier growth is 
desirable, CY agar may be enriched with glucose 
as, e.g., in CYG2 agar. Growth of some CLB is 
much stimulated by the presence of a carbohy- 
drate. The cellulose decomposers grow very well 
on filter paper placed on CY agar. Other media 
suitable for their cultivation are listed above. If 
these gliding bacteria are cultivated on mineral 



CHAPTER 6.7 



The Order Cytophagales 563 



salts-glucose media (CA2 and CA13 agar) they 
often grow only if a heavy inoculum is applied. 

VY/2 Agar 

Bakers’ yeast (by fresh weight of commercial yeast cake) 
0.5% 

CaCl2'2H20 0.1% 

Cyanocobalamin 0.5 |ig/ml 

Agar 1.5% 

The cyanocobalamin is usually not required. 

The pH is adjusted to 7.2. The medium is autoclaved. 
The yeast may be stored as an autoclaved stock suspen- 
sion for several weeks. A uniform distribution of the yeast 
is obtained if the medium is melted before the yeast is 
added. 

Many bacteria of the Cytophaga group pro- 
duce heavy growth on HP6 agar, MYX agar, and 
similar media. Many will also grow well on min- 
eral salts-glucose media like CA2 and CA13 
agar. Special media that allow the detection of 
the ability of a strain to decompose certain mac- 
romolecules have already been mentioned. A 
medium useful for the demonstration of starch 
decomposition is STK2 agar. 

HP6 Agar 



Na glutamate 


1 % 


Yeast extract (Difco) 


0 . 1 % 


MgS04 • 7 H 2 O 


0 . 1 % 


Cyanocobalamin 


0.5 |ig/ml 


Glucose (autoclaved separately) 


0.5% 


Agar 


1.5% 


The cyanocobalamin is usually not 


required. 



The pH is adjusted to 7.2. The medium is autoclaved. 

STK2 Agar 
Base agar: 

Casitone (Difco) 

Yeast extract (Difco) 

MgS04 • 7 H 2 O 
Agar 

The pH is adjusted to 
Top agar: 

As base agar, but agar concentration increased to 1.5%. 
The medium is prepared with only about 85% of the total 
water volume. In the remaining water are dissolved, 
referring to the total volume of the top agar, the 
following: 

Soluble starch 0.2% 

K 2 HPO 4 0.02% 

The starch solution should be heated on a water bath 
before autoclaving in order to prevent clumping of the 
starch. The two solutions are combined after autoclav- 
ing, and the mixture is poured as a thin layer on plates 
of the base agar. Starch degradation can be discovered 
if, after a suitable incubation time, the culture plates are 
flooded with an iodine solution, e.g., Lugol’s solution 
diluted 1:5. 

The fish pathogens can be cultivated on AO 
agar but usually also grow well on CY, MYX, and 
HP6 agar. Most strains do not utilize carbohy- 



drates at all. The capnocytophagas grow on TSB 
agar with or without sheep’s blood. 

The same types of media can be used for the 
marine Cytophagales, only prepared with natural 
or artificial seawater instead of distilled water. 
No case is known in which the latter would not 
do, but a simple NaCl solution is often not suitable 
(e.g., Anderson and Conroy, 1969). The tolerated 
salinity range differs depending on the organism 
and often depends on the origin of the strain (e.g., 
Lewin and Lounsbery, 1969; Reichardt et al., 
1983). Marine cellulose decomposers may be cul- 
tivated on filter paper placed, e.g., on SW5 agar. 
Alternatively, the mineral salts-glucose media as 
described for the terrestrial organisms may be 
used, when prepared with seawater. 

The type of peptone added to a medium is not 
as crucial in the case of the Cytophagales as it is 
for myxobacteria; nevertheless, very different 
results may be obtained with different pre- 
parations and even with different batches. 
An example has already been given for the cap- 
nocytophagas. In our experience, enzymatic 
digests of casein, e.g., casitone (Difco) or pep- 
tone from casein (Mar cor, Merck, and Oxoid), 
are the most universally useful peptones. Soy 
peptones also often give excellent results. Addi- 
tion of yeast extract may stimulate growth appre- 
ciably. Again, not all preparations are equally 
satisfactory; good results are obtained, e.g., with 
Difco yeast extract. Further, it should be kept in 
mind that quite a few bacteria of this group grow 
on inorganic nitrogen sources, and it is always 
worthwhile to test an isolate for that possibility. 

As a rule, members of the Cytophagales 
immediately produce homogeneous cell suspen- 
sions when inoculated into liquid media and 
shaken. Typically, the liquid shows a silky shim- 
mer when rotated. Rarely, the bacteria grow in 
tiny granules or flakes, and then they probably 
always are surrounded by thick capsules or slime 
layers. The medium sometimes becomes more or 
less viscous, especially when sugars are included, 
and harvesting the cells by centrifugation may 
then make difficulties. In one such case, the addi- 
tion of 10% (NH 4 ) 2 S 04 (w/v) resulted in satisfac- 
tory separation (Verma and Martin, 1967). 

Most Cytophagales grow well in liquid media 
that contain peptone, e.g., CAS liquid medium 
or FXA liquid medium and, for marine organ- 
isms, SP5 liquid medium. Addition of a sugar, 
such as in FXAG liquid medium, may stimulate 
growth considerably and may even be a prereq- 
uisite for cultivation. Glucose, galactose, man- 
nose, saccharose, and maltose are often readily 
utilized. The sugar has two effects: it is a conve- 
nient carbon and energy source, and it is partly 
transformed into acids that delay the rise of pH 
of the medium that results from ammonia pro- 
duction. Shifts of pH may cause problems in 
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shake cultures. Concentrations of buffers high 
enough to stabilize the pH reliably are often 
inhibitory to growth. With Fx. filiformis (former 
Fx. elegans Fx el), appreciable inhibition was 
observed at the following buffer concentrations 
(at a pH of about 7.0): citrate above 15 mM; 
phosphate, Tris HCl, and Tris-maleic acid-KOH 
above 20 mM; 3-morpholino-propane sulfonic 
acid (= MOPS) above 50 mM (E. Fautz, personal 
communication) . 

CAS Liquid Medium 

Casitone (Difco) 1% 

MgS04'7H20 0.1% 

The pH is 6.8 and needs no adjustment if Difco casitone 
is used. The medium is autoclaved. 

FXA Liquid Medium 

Casitone (Difco) 1% 

Yeast extract (Difco) 0.2% 

MgS04-7H20 0.1% 

Other similar, enzymatically digested, casein peptones 
may also be used, e.g.. Peptone from casein, tryptically 
digested (Merck, Darmstadt, Germany). 

The pH is adjusted to 7.0. After autoclaving, 0.2% of 
separately autoclaved glucose may be added, for FXAG 
liquid medium. 

SP5 Liquid Medium 

Casitone (Difco) 0.9% 

Yeast extract (Difco) 0.1% 

In artificial seawater. 

The pH is adjusted to 7.2. The medium is autoclaved. 

The fish pathogens can be cultivated in the 
same media mentioned for their isolation, e.g., 
AO broth (AO agar without agar) (e.g., 
Bernardet and Kerouault, 1989; Bullock, 1972; 
reference is not an exact match Pacha, 1968). A 
supplement to AO broth of 5% fish peptone, 
prepared from brook trout, has been recom- 
mended and gave superior results with some 
isolates, although it was not strictly required; it 
may sometimes be useful with fresh isolates 
(Kincheloe, 1962). For marine fish pathogens, 
AO broth in seawater or TOY liquid medium 
may be used (e.g., Hikida et al., 1979). 

TCY Liquid Medium (Hikida et al., 1979) 

Tryptone (Difco) 0.1% 

Casamino acids, technical (Difco) 0.1% 

Yeast extract (Difco) 0.02% 

NaCl 3.13% 

KCl 0.07% 

MgCb • 2 H 2 O 1.08% 

CaCl2-2H20 0.1% 

In distilled water. 

The pH is adjusted to 7.0 to 7.2. The medium is 
autoclaved. 

One study showed that growth of Cy. colum- 
naris can be substantially improved by a fine- 



tuning of the medium formulation (Song et al., 
1988). The optimal medium was SO broth, which 
was a modification of a medium used by Shieh 
(1980), from which glucose, pyruvate, and citrate 
have been omitted, because these compounds 
had no effect on growth. The medium was much 
superior to tryptone-yeast extract and tryptone- 
yeast infusion broth. The generation time was 
reduced to 150 min compared to 210 min in the 
next-best medium. 



SO Liquid Medium (Song et al., 1988) 



Peptone 


0.5% 


Yeast extract 


0.05% 


Na acetate 


0.001% 


BaCb • H2O 


0.001% 


K2HPO4 


0.01% 


KH2PO4 


0.005% 


MgS04 ' 7 H 2 O 


0.03% 


NaHCOs 


0.005% 


CaCb • 2H2O 


6.7 mg/liter 


FeS04 • 7 H 2 O 


1.0 mg/liter 


The capnocytophagas are obligatory ferment- 



ers and grow luxuriantly in trypticase soy broth 
(TSB agar without agar) supplemented with 1 % 
glucose; the cultures are incubated under the 
exclusion of oxygen (Forlenza et al., 1981). 

Many Cytophagales can also be cultivated in 
simple synthetic media, e.g., SY liquid medium. 
Stabilization of the pH is especially difficult in 
this case and is effectively achieved only in 
bioreactors. 

SY Liquid Medium 



KH2PO4 0.07% 

Na2HP04 • 2 H 2 O 0.14% 

(NH4)2S04 0.2% 

MgS04 ' 7H2O 0.02% 

FeS 04 5 mg/1 

MnS 04 5 mg/1 



After autoclaving, 1 % glucose is added from a separately 
autoclaved stock solution. 

Cellulose decomposers grow well in liquid 
media with powdered cellulose, e.g., in CELl 
liquid medium or in Dubos liquid medium with 
0.5% cellulose. We use, with good success, a 
peptone-mineral salts medium with cellulose 
powder (= M9 liquid medium). Also, CAS liquid 
medium with cellulose powder (0.5%) often 
allows good growth. Further, many strains of cel- 
lulose degraders may be cultivated in glucose- 
containing liquid media such as GLU liquid 
medium (Kath, 1990; Verma and Martin, 1967). 

CELl Liquid Medium 

STS liquid medium is supplemented with 0.1% powdered 
cellulose (e.g., MN300 for chromatographic purposes 
from Macherey and Nagel, Diiren, Germany), autoclaved 
separately as a stock suspension. 
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M9 Liquid Medium 




Base medium: 




NH 4 CI 


0 . 1 % 


K 2 HPO 4 


0.075% 


Casitone (Difco) 


0.3% 


Yeast extract (Difco) 


0.09% 


Supplement A; 




MgS04 • 7 H 2 O 


4.5% 


Supplement B: 




CaCfi • 2 H 2 O 


0 . 2 % 


FeCls • 6 H 2 O 


0.15% 


MnS04 • H 2 O 


0.15% 


Supplement C: 




Cellulose powder 


10 % 



After autoclaving all solutions, 1% (v/v) of supplements 
A and B, 5% (v/v) of supplement C, and filter-sterilized 
standard trace elements (see, e.g.. The Genus Pelobacter 
in this Volume) are added to the base medium. 

GLU Liquid Medium (Kath, 1990) 

The percentages indicated for each ingredient are with 
respect to the final volume of the medium. 

Solution A; 

NH4CI 
K2HPO4 

Casamino acids (Difco) 

Na-Fe”hEDTA 
HEPES 

In 90% of the total volume. 

The pH is adjusted to 7.2. 

Solution B: 

MgS04'7H20 0.045% 

CaCl2-2H20 0.01% 

Glucose 0.5% 

In 10% of the total volume. 

After autoclaving, solutions A and B are combined, 
and standard trace elements are added from a filter- 
sterilized stock solution (see, e.g.. The Genus Pelobacter 
in this Volume). 

Most members of the Cytophagales can be 
grown without difficulties on a large scale in 
bioreactors. In ordinary batch cultures, typical 
yields obtained are between 10 and 15 g wet 
weight, or 2 and 4 g dry weight, per liter on 
peptone media with sugar; the ratio of dry to wet 
weight is 0.20 to 0.25. Generation times are in the 
range of one to several hours. Thus, e.g., Fx. fili- 
formis Fx el grows in peptone media at 30°C with 
a doubling time of 2 h and 15 min; in mineral 
salts-glucose medium (SY liquid medium) it 
grows with a doubling time of 6 h and 20 min (H. 
Fink, personal communication). Tx. ocellatus 
grows at 30°C with generation times of 1 h and 
50 min in peptone liquid medium, 2 h in dilute 
peptone medium, and 3 h and 30 min in casamino 
acids-glucose medium. 

Little is known about specific mineral and vita- 
min requirements by members of the Cytoph- 
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agales. At least, they appear not to be 
particularly fastidious in that respect. In a study 
on trace element effects on cellulose-degrading 
Sporocytophaga growing in a mineral salts- 
cellulose medium, a stimulation of cellulose 
decomposition by Ca^^, Fe^^, Mn^^, and some- 
times Cu^^ was demonstrated (Bortels, 1956). 
Certain Zn salts (ZnO, ZnS, 0.1%) were found 
to encourage growth of a series of cytophagas 
and CLB; ZnS 04 (0.1%) suppressed swarming 
and slime production on plates, and its use in 
isolation media was suggested (Mehra et al., 
1967). In a comparative study of a large number 
of different marine Cytophagales, a dependence 
on thiamine and cyanocobalamin was found in a 
few instances (Lewin and Lounsbery, 1969). 

Except for the capnocytophagas, the Cytoph- 
agales are strict aerobes. Those that are known 
to grow anaerobically are usually facultative 
anaerobes. Some are able to respire on nitrate. 
Not one of the tested strains could use fumarate 
as an electron acceptor (Callies and Mannheim, 
1978). Several Cytophagales require carbon 
dioxide for fermentative metabolism, so that 
care should be taken that enough CO 2 is present 
in the atmosphere when strains are being tested 
for anaerobic growth (GasPak, candle jar, Fort- 
ner plates, carbonate in the medium). The only 
strictly fermentative Cytophagales known so far 
are the capnocytophagas, which are, however, 
not oxygen sensitive but do require an increased 
level of CO 2 ; if that is provided, they can grow 
even under aerobic conditions (Leadbetter et 
al., 1979). They need CO 2 because they depend 
on the activity of phosphoenolpyruvate carbox- 
ykinase for growth (Kapke et al., 1980). There 
seem also to be Capnocytophaga strains that 
grow at CO 2 levels found in air. The existence 
of strictly anaerobic Cytophagales is not yet 
excluded. 

All known Cytophagales are restricted to pH 
values between 6 and 8. Their temperature range 
is wide, from about 0°C to more than 40° C. On 
plates, most strains will grow more or less at 
30°C. In contrast, liquid cultures of many strains, 
particularly those isolated from aquatic environ- 
ments, grow only, or grow much better, at lower 
temperatures (usually between 18 and 26°C). 

Preservation 

Agar cultures of many Cytophagales stay viable 
for months when stored at low temperatures (2 
to 8°C). At room temperature or higher, plate 
cultures can usually be kept for 2 to 6 weeks. In 
general, organisms from aquatic environments 
are more sensitive than those from soil. Media 
that are rich in peptone or contain higher con- 
centrations of a sugar are always less suitable for 
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Stock cultures, because they produce heavier 
growth and lead to unfavorable pH shifts. Good 
media for stock cultures are often VY/2, CYT, 
and SAP2 agar. For the fish pathogens, a reduc- 
tion of the agar concentration in AO medium to 
0.4% is advantageous. Cellulose decomposers 
are kept best on filter paper on top of CY or ST6 
agar. 

For long-term storage, essentially all standard 
methods for the preservation of bacteria can be 
applied to the Cytophagales. In our experience, 
the following methods give excellent results. 

Drying in Skim Milk 

From a young plate culture, a heavy cell suspen- 
sion is prepared in about 0.7 ml of sterile skim 
milk. Three to five drops of this suspension are 
placed on a plug of skim milk predried by lyo- 
philization in an ampule. The plug must not 
become solubilized but only wetted by the 
amount of added cell suspension. The loaded 
ampules are stored at 4 to 6°C until the whole 
set has been finished (not longer than one h) and 
are then dried in a desiccator over silica gel at a 
good vacuum for about 4 h at room temperature. 
The desiccator is kept overnight under vacuum, 
then pumped again for 15 min, and filled with 
nitrogen gas (preferably by attaching it to a 
nitrogen-filled balloon). Then the ampules are 
sealed and stored at room temperature or at 4 to 
6°C (we do not yet know whether there is a 
difference in survival times). So far, organisms 
have been revived by us after up to 10 years of 
storage at room temperature. Successful lyo- 
philization is also reported for Cy. columnaris 
(Anacker and Ordal, 1959). Lyophilized cultures 
of Cy. columnaris and Cy. psychrophila which 
had been kindly supplied to us by Dr. R.E. Pacha 
(Ellensburg, Washington) could be reactivated 
without problems after 26 and 20 years, 
respectively. 

Skim Milk Preparation (for Preservation) 

40 g of powdered skim milk (e.g., Oxoid L31; must be free 
of antibiotics) are dissolved in 200 ml water and filtered 
through gauze. The solution is distributed into tubes 
(5 ml per tube) or ampules (1 ml per 5-ml ampule) and 
autoclaved at exactly 115°C for 15 min. May be stored in 
the cold for several weeks. 



Storage at Ultra-Low Temperatures 

From a dense liquid culture, e.g., in FXA or CAS 
liquid medium, 2-ml amounts are pipetted into 
screw-cap tubes and placed directly into a deep 
freeze at -70 to -80°C. Samples of marine organ- 
isms, e.g., in SP5 liquid medium, should be kept 
in an inclined position during freezing to prevent 
cracking of the tubes. Cellulose decomposers 



have been successfully frozen in CELl liquid 
medium. 

Alternatively, a heavy loopful of cells from a 
plate culture is deposited in 1 ml of a peptone- 
containing liquid medium, like the ones men- 
tioned above, and frozen in the same way. The 
peptone medium can also be used for cellulose 
decomposers. Fish pathogens can be frozen at 
-70°C as agar cultures in AO agar with 0.9% 
agar; they were found to remain viable for at 
least one year (Fijan and Voorhees, 1969). Of 
course, all cultures for preservation should be 
young, well-growing cultures in an optimal state. 

Alternatively, cell suspensions in peptone liq- 
uid media may be stored frozen in liquid nitro- 
gen. A special freezing program is not required. 
We routinely add 5% dimethyl sulfoxide 
(DMSO) to the suspension medium, although 
our experience suggests that this is not necessary. 
In a systematic study on cryopreservation of 
Cytophagales, mainly marine ones, good survival 
in liquid nitrogen was demonstrated when the 
cells were suspended in a medium containing 
10% glycerol, while 10% DMSO proved less 
suitable. Also without additives, at least one 
cycle of freezing and thawing was usually well 
tolerated. Many strains remained viable even for 
some weeks at -22°C without additives, but 
eventually, after varying storage times, most 
strains died (Sanfilippo and Lewin, 1970). 

For revival, the frozen tube or ampule is 
quickly thawed, best by placing it into cold 
water. Immediately after the medium has 
become liquid, the bacteria are transferred to a 
suitable growth medium. For reviving a culture, 
it is advisable to use several different agar and 
liquid media in parallel, because one or the 
other may be more appropriate depending on 
the organism. Also, we found that facultative 
anaerobes are occasionally better reactivated 
under anaerobic conditions; they sometimes 
refuse to start to grow in an aerobic atmosphere, 
even when they thrive ordinarily very well under 
such conditions. Thus far we have tested survival 
at -80°C for up to 15 years and in liquid nitrogen 
for up to 10 years and have not yet observed any 
losses. 

Storage in 50%o Glycerol at -25°C 

Using a young plate culture, a heavy cell suspen- 
sion is prepared in 50 mM phosphate buffer, pH 
7.2. Of this suspension, 1 ml is transferred to a 
screw-cap tube that contains 2 ml of 87% glyc- 
erol precooled to -25°C. The suspension is thor- 
oughly mixed and stored at -25°C in an ordinary 
household deep freeze. Marine organisms may 
be suspended in SP5 liquid medium; 1 ml of the 
suspension is then transferred to 2 ml of pre- 
cooled 87% glycerol. Alternatively, a heavy 
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loopful of cells is suspended directly in precooled 
SP5 liquid medium + 87% glycerol (1:2, vol/vol). 

To start an active culture, a loopful of the sus- 
pension is streaked on a suitable agar medium. 
The remaining suspension may be returned to 
the deep freeze, provided the temperature was 
kept low during handling. CLB preserved by this 
method may survive for at least several years 
(I. Hirsch, personal communication), but we 
have in some cases observed losses, particularly 
with marine strains, so this technique is advisable 
for long-term storage, especially when better 
alternatives are available. 



Storage in 0.9% Saline or in Distilled Water 

Starting from young plate cultures, cell suspen- 
sions are prepared in 0.9% saline or in distilled 
water. The cell density should not be very high; 
we usually prepare a suspension of about 10^ to 
10^ cells/ml (a suspension just faintly turbid), and 
this stock suspension is then diluted fivefold. 
Then, 0.5-ml amounts of both suspensions are 
transferred in parallel to 1-ml ampules, which are 
sealed under air and stored at room temperature 
(18 to 22°C) in the dark. Marine organisms may 
be suspended in artificial seawater. In our labo- 
ratory, a number of Flexibacter and CLB strains 
stored in saline for 7 years could be reactivated 
with ease and produced heavy growth within 2 
days; it is likely that they would have survived 
for even longer periods. However, the organisms 
probably are not completely at rest in such sus- 
pensions and continue to grow, even if extremely 
slowly, so that over a long period variant strains 
may arise. 



Characterization 

Cell Morphology and Cytology 

The cells of all Cytophagales without exception 
are rod-shaped (Fig. 1 and 2). The proportions 
and dimensions of the rods vary, however, over 
a wide range. The CLB have very short to mod- 
erately long rod cells; the short ones are often 
relatively fat, and the longer ones may be rather 
slender; they typically measure 0.5 to 1.0 x 2 to 
8 pm; the cell ends are usually slightly tapered. 
The cells of Capnocytophaga resemble those of 
CLB with moderately long rods. Taxeobacter has 
relatively plump cylindrical rods with rounded 
ends. The rod cells of the cellulose decomposers 
(Sporocytophaga, Cytophaga) tend to be moder- 
ately long and very delicate, measuring 0.3 to 
0.7 X 3 to 8 pm; Cytophaga cells are often 
spindle-shaped. Flexibacter and (Microscilla) 



have long thread cells which contain either very 
few or no cross-walls and typically measure 0.4 
to 0.8 X 10 to 50 pm. Many species readily form 
spheroplasts. Especially in cultures of cellulose- 
decomposing true cytophagas, large numbers of 
lemon-shaped intermediary forms can often be 
seen (Fig. If). This was a source of much confu- 
sion for the early investigators (who had no 
phase contrast microscopes), and fancy develop- 
mental cycles have been constructed on such 
observations (for a review, see Imschenezki, 
1959). Inflated, spindle-shaped rods may still be 
motile and viable and may recover, but it is 
doubtful whether such stages are of any advan- 
tage for the organism, e.g., for a rearrangement 
of the genetic apparatus, as has been suggested. 
Lemon-shaped degeneration forms are also 
typical for Taxeobacter. Under starvation, a Cy. 
johnsonae strain was observed to produce coc- 
coid cells which looked like spheroplasts, did not 
show a peptidoglycan layer, often had lost most 
of their cytoplasm, and were osmotically stable 
(Reichardt and Morita 1982). Nevertheless, they 
were found to be viable, and at least some of 
them could grow out again into rods. It was sug- 
gested that they represent survival forms. 
Spheroplastlike cells have also been interpreted 
as resting stages in several other Cytophagales 
(e.g., Graf, 1961, 1962; Bauer, 1962), and generic 
names have even been proposed based on such 
observations Sphaerocytophaga, ” ‘'Sphaer- 
omyxa''). But the evidence for a function as rest- 
ing forms is not convincing in any of those cases. 

Several Cytophagales change their cell mor- 
phology in response to environmental condi- 
tions. Marine Flexithrix dorotheae is described to 
grow quasi-mycelially with long, sheathed fila- 
ments that release short, gliding fragments, 
which may again grow into filaments (Lewin, 
1970). Unfortunately, the type strain, which is 
the only known strain of that organism, does not 
show this behavior any more; at least I have not 
been able to verify it in spite of many efforts. 

The vegetative cells of Sporocytophaga may 
convert by shortening and fattening into small 
(diameter 1.2 to 1.4 pm), spherical, optically 
retractile microcysts. The microcysts are desicca- 
tion resistant; we have isolated strains from dry 
soil samples that had been stored for up to 9 
years at room temperature. Their high heat tol- 
erance, which allows them to survive at 60° C, in 
some cases even at 100°C for a short time, has 
already been mentioned. 

Fx. filiformis (Fx el) and related species go 
through a spectacular shape change in the course 
of culture development (Fig. 2c to 2e). When 
inoculated into a liquid medium, e.g., CAS or 
MDl liquid medium, the organism grows into 
long (15 to 50 pm and more), slender, fiexible 
cells. These cells are not the usual filaments or 
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trichomes, for they contain no cross-walls or 
septa, or only very few widely separated ones (10 
to 30 pm); I therefore call them thread cells. The 
thread cells are extremely agile and can glide, 
bend, twist, and wriggle like little worms. When 
the culture ages, the cells become shorter and 
shorter and may finally end up as very short coc- 
cobacilli (this stage is not always reached). The 
shorter rods also become slightly fatter and 
darker, which clearly indicates that the shorten- 
ing is not simply a fragmentation of the thread 
cells. Under certain conditions the organism may 
grow exclusively in the long or in the short form. 
One factor that determines the length of the cells 
is obviously population-density connected. The 
same cycle can also be observed in plate cultures, 
e.g., on VY/2 agar, on which fast-spreading 
swarms are produced. Here, agile thread cells are 
found at the edge, while shorter and shorter rods 
are found moving towards the center of the col- 
ony. Below a certain length, the rods become 
nonmotile. The same developmental cycle has 
been described for Chitinophaga, only there the 
coccobacilli were interpreted as microcysts 
(Sangkhobol and Skerman, 1981); this appears, 
however, not to be correct. A study on the length 
control of Flexihacter strain FS-1 revealed that 
the long thread cells grew exponentially with a 
generation time of 90 min at 30°C. When the 
culture was shifted to 35°C they divided into 
three or four cells within the following 120 min. 
The culture continued to grow exponentially 
with about the same growth rate, but with 
shorter cells. When the culture was shifted back 
to 30°C, the shorter cells stopped dividing imme- 
diately but continued to grow, and the thread 
cells reappeared. When the thread cells divided, 
the constriction always occurred in the middle of 
the cell. The biochemical and genetic mecha- 
nisms that control all these fascinating morpho- 
genetic processes are not at all understood and 
have not been thoroughly studied. In particular, 
Fx. filiformis should provide a beautiful model 
system for such investigations (Humphrey and 
Marshall, 1980; Poos et al., 1972; Reichenbach et 
al., 1974; Simon and White, 1971). 

The fine structure of the cells of the Cytoph- 
agales is essentially that of typical Gram- 
negative bacteria, with a few remarkable 
peculiarities. The outer surface of the cells is 
usually corrugated or undulated and densely 
covered with cushionlike knobs and folds (e.g., 
Bovallius, 1979; Follett and Webley, 1965; 
Humphrey et al., 1979; Oyaizu et al., 1982; 
Strohl, 1979; van der Meulen et al., 1974). Often, 
vesicular and long, uneven, tubular extensions of 
the outer membrane and LPS can be seen (e.g., 
Follett and Webley, 1965; Holt et al., 1979a; 
Kuhrt and Pate, 1973; London et al., 1982; Martin 
et al., 1968; Pate and Ordal, 1967a; Pate et al.. 



1967; Simon and White, 1971). These strands may 
become as long as 0.5 pm and have been shown 
to contain LPS components, like 2-keto-3- 
deoxyoctonate (Humphrey et al., 1979). All 
Cytophagales excrete slime, sometimes in sub- 
stantial quantities, and this slime can usually be 
distinguished as a dense network of fine fibril 
surrounding the cells (e.g., Bovallius, 1979; Hum- 
phrey et al., 1969; Martin et al., 1969; Pate and 
Ordal, 1967b; Ridgway and Lewin, 1973; Ridg- 
way et al, 1975; Strohl and Tait, 1978; Verma and 
Martin, 1967). The microcysts of Sp. myxococ- 
coides are encased in a massive, fibrillar capsule, 
about 180 nm thick (Holt and Leadbetter, 1967; 
the diameter of the microcysts as determined in 
this study was an astonishing 2 to 2.5 pm, which 
is much greater than is usually measured in the 
light microscope [1.2 to 1.4 pm]). 

The cell envelope of the Cytophagales consists 
of a thin peptidoglycan layer and the usual outer 
membrane. In marine, filamentous Fx. polymor- 
phus (clearly different from Flexihacter as 
defined here and of uncertain taxonomic posi- 
tion), an unusual S-layer was discovered on top 
of the outer membrane (Ridgway, 1977; Ridgway 
and Lewin, 1973, 1983; Ridgway et al., 1975). The 
layer consists of densely packed, goblet-shaped 
subunits, which have a complicated structure and 
are perhaps rooted in the cytoplasmic mem- 
brane. Another very interesting structural detail 
has been detected in the cell envelope of certain 
CLB (Pate and Chang, 1979). Here, tiny rings 
were seen and could be isolated from cell lysates. 
The rings were about 20 nm wide and 10 nm 
thick and were arranged in long chains that seem 
to form a large, regular, netlike superstructure. 
It was hypothesized that these rings might be 
homologous with the flagellar rotors and that 
their rotation would somehow propel the cell. It 
may be added here that the mechanism of gliding 
motility has been studied for many years with 
several Cytophagales, but so far without a clear 
answer (e.g., Burchard, 1984; Chang et al., 1984; 
Duxbury et al., 1980; Glaser and Pate, 1973; 
Godwin et al., 1989; Lapidus and Berg, 1982; 
Pate, 1985; Speyer, 1953; Wolkin and Pate, 1984). 
What can be said is that there is some motility 
apparatus in the cell surface, because latex beads 
move along the surface of immobilized cells 
(Lapidus and Berg, 1982); that the excreted slime 
is essential for gliding because it acts as a Stefan 
adhesive allowing easy translocation but pre- 
venting efficient detachment of the cells from the 
substrate (Humphrey et al., 1979); that the cells 
rotate around their long axis during gliding 
(Godwin et al., 1989); and that the energy for 
gliding may not be provided by ATP, at least not 
exclusively (Pate and Chang, 1979; Ridgway, 
1977). The speed of gliding may be on the order 
of 100 to 150 pm/min, with large deviations in 
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both directions, depending both on the organism 
and on environmental conditions (e.g., Duxbury 
et al, 1980; Garnjobst, 1945; Lapidus and Berg, 
1982; Speyer, 1953; Stanier, 1942). 

Fine longitudinal fibrils, which were arranged 
in wide bands just below the outer membrane, 
have been discovered in Cy. columnaris (Pate 
and Ordal, 1967b). They were suggested to rep- 
resent the machinery of gliding motility. The 
fibrils could indeed not be seen in nonmotile 
mutants (Glaser and Pate, 1973). In freeze- 
etched preparations, tiny beads of about the 
same diameter as the fibrils can be seen on the 
inner surface of the outer membrane (Burchard 
and Brown, 1973). When the cells are fixed with 
glutaraldehyde before being fractured, those 
beads arrange themselves in long lines which 
resemble fibrils. Thus it seems possible that the 
fibrils seen in ultrathin sections are merely fixa- 
tion artifacts. 

Lysing cells of Cy. columnaris release unusual 
tubular structures that appear to derive by invag- 
ination from the cytoplasmic and mesosomal 
membranes (Pate et al., 1967). They are com- 
posed of lipid and protein, although the number 
of protein bands is much reduced in comparison 
with the cytoplasmic membrane (Kuhrt and Pate, 
1973). Similar tubules are also known from other 
Gram-negative bacteria including Sporocytoph- 
aga (e.g.. Holt and Leadbetter, 1967; Martin et 
al., 1968; Yamamoto, 1967); they are not identi- 
cal with rhapidosomes as has occasionally been 
suggested. TTie latter were originally observed in 
Saprospira (see The Order Cytophagales in this 
Volume for a detailed discussion); they were 
later found also in other bacteria, e.g., Sp. myxo- 
coccoides (Pate et al., 1967), and may be phage 
tails. 

The cells of the Cytophagales divide in the 
usual way by formation of a septum, which is 
normally connected with a mesosome (e.g.. Holt 
and Leadbetter, 1967; Poos et al., 1972; Ridgway 
et al., 1975). 

Appendages like fimbriae and pili seem never 
to have been observed with Cytophagales. Pili 
were, however, isolated from Fv. hranchiophi- 
lum, where they supposedly are important for 
the attachment of this fish pathogen to gill fila- 
ments (Heo et al., 1990). 

In several Capnocytophaga strains, acid and 
alkaline phosphatases could be localized by 
cytochemical and immunochemical reactions in 
the periplasmic space; in fact the enzymes were 
associated with the outer membrane, probably 
the LPS, and about 12% of the activity was 
exposed on the outer cell surface. Most of the 
enzyme molecules were released from the cells 
when the cultures became older, a good part of 
them in a membrane-bound form (reference is 
not an exact match Poirer and Holt, 1983b, ref- 



erence is not an exact match 1983c). While the 
bacteria normally cannot penetrate the peri- 
odontal tissue it seems conceivable that enzymes 
like the phosphatases may do so and thus are 
responsible for damage inflicted to the host by 
Capnocytophaga. 



Chemical Composition 

The peptidoglycan appears as a clearly distin- 
guishable layer in ultrathin sections of all 
Cytophagales studied in this respect; it is 
between 2 and 5 nm thick, but increases to 9 nm 
in Sporocytophaga microcysts (e.g., Pate and 
Ordal, 1967a; reference is not an exact match 
Verma and Martin, 1967a). The murein sacculus 
has been isolated from Cy. hutchinsonii and 
Sp. myxococcoides and chemically analyzed 
(Verma, 1970; Verma and Martin, 1967a, 1967b). 
It had the composition of a typical Gram-nega- 
tive peptidoglycan with L-Ala, D-Glu, m-DAP, 
D-Ala, and 70% direct cross-linking between m- 
DAP and D-Ala. Diaminopimelic acid (0.2 to 
0.3% of the dry weight) was also observed in an 
early study on two flexibacters; the diamino acid 
came most probably from the cell wall (Holm- 
Hansen et al., 1965). The same organisms appear 
also to contain bound ornithine (0.08 to 0.7% of 
the dry weight); the origin of that amino acid is 
obscure (Holm-Hansen and Lewin, 1965; it could 
come from an ornithine-containing lipid, see 
below). Also, the lipopolysaccharide (LPS) of 
the Cytophagales seems to closely resemble 
that of the enterobacteria. The LPS of Fx. filifor- 
mis Fx el (= Fx V 2 ) was found to contain man- 
nose, galactose, glucose, rhamnose, ribose, 
glucosamine, galactosamine, and small quantities 
of xylose, arabinose, 2-keto-3-deoxyoctonate 
(KDO), and heptose (Rosenfelder et al., 1974). 
From 17 strains of CLB and one strain each of 
Cy. aurantiaca and Sp. myxococcoides, the LPS 
was extracted with phenol, and its sugar compo- 
sition was subsequently analyzed (Sutherland 
and Smith, 1973). LPS yields were between 
0.4 and 3.4% of the dry weight (in addition, 
substantial amounts of polysaccharide could be 
harvested from the culture supernatant by 
ultracentrifugation). The LPS of all strains con- 
tained a high proportion of ribose (in the 
absence of an appreciable ultraviolet [UV] 
absorption at 260 nm), mannose, and glu- 
cosamine; further, most LPS preparations 
yielded glucose, galactose, and galactosamine, 
and 7 out of 19 also rhamnose. The hexosamines 
remained after removal of lipid A by mild 
hydrolysis. Because of analytical problems, KDO 
and heptose could not be determined reliably; 
but KDO always appeared to be present, 
whereas heptose remained questionable and was 
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there in very small amounts, if at all. The LPS of 
Flexihacter BH3 contained galactose, glucose, 
arabinose, rhamnose, glucosamine, deoxysugar, 
and KDO, but heptose could not be detected 
(Humphrey et al., 1979). An endotoxin, which 
was highly active immunologically as well as in 
the Limulus test, was isolated from a CLB; its 
main carbohydrate constituents (above 0.5% of 
the total) were rhamnose, fucose, mannose, 
galactose, glucose, glucosamine, galactosamine, 
and an astonishing 34% of (tentatively identi- 
fied) heptose; KDO is not mentioned (Flaherty 
et al., 1984). The inner and outer membrane of 
Cy. johnsonae were separated and showed den- 
sities of 1.18 and 1.14 g/cm^, respectively; the 
outer membrane contained the sulfonolipids that 
will be discussed later, but little or no KDO 
(Godchaux and Leadbetter, 1988). Occasionally, 
members of the Cytophagales produce copious 
amounts of extracellular slime. In the case of Cy. 
hutchinsonii and Sp. myxococcoides, that slime 
was found to be an acidic heteropolysaccharide 
consisting of xylose, arabinose, mannose, glu- 
cose, and glucuronic acid; the slime of Sporocy- 
tophaga also contains galactose (Martin et al., 
1968; Verma and Martin, 1967b). This slime 
seems to be broken down enzymatically in the 
later stages of the culture. Flexihacter BH3 pro- 
duces an extracellular, water-soluble, glycopro- 
tein slime with glucose, fucose, galactose, and 
some uronic acid in the carbohydrate part (Hum- 
phrey et al., 1979). The extracellular slime of 
Cy. columnaris was determined to consist of a 
homopolymer of a-(l-4)-linked D-galac- 
tosamine (Johnson and Chilton, 1966). 

The fatty acid patterns of the Cytophagales 
consistently show two peculiarities (Collins et al., 
1982; Fautz et al., 1979; Godchaux and 
Leadbetter, 1984; Kath, 1990; Liebert et al., 1984; 
Oyaizu and Komagata, 1981; Walker, 1969): 

1. The dominant species are branched fatty 
acids, mainly 15:0 (15 to 45% of the total; in 
Capnocytophaga up to 77%; Collins et al., 
1982). Branching is mostly of the iso type, but 
small amounts of anteiso fatty acids are usually 
also present. Only Cy. hutchinsonii contains 
larger quantities of anteiso fatty acids, almost 
exclusively 17:0 (26% of the total), but as the 
identification was tentative, this should be rein- 
vestigated (Walker, 1969). It was also stated 
that Capnocytophaga and Sporocytophaga 
exclusively contain anteiso fatty acids (Holt et 
al., 1979a), but at least for Capnocytophaga this 
could not be corroborated (Collins et al., 1982). 
In one study, 1 to 3% of the total fatty acids 
from CLB have been identified with (delta 17)- 
cyclopropane fatty acids (Oyaizu and Koma- 
gata, 1981). Other major fatty acids are straight 
chain 16:1, 16:0, and 15:0, usually in that order. 



The double bond has been found to be in the 
cis configuration and in the C-11 to C-12 posi- 
tion (Kath, 1990; Oyaizu et al., 1982; Walker, 
1969). 

2. There are always substantial quantities (15 
to 55% of the total fatty acids) of 2- and 3- 
hydroxy fatty acids (Collins et al., 1982; Fautz et 
al., 1979, 1981; Kath, 1990; Liebert et al., 1984; 
Oyaizu and Komagata, 1981; Oyaizu et al., 1982). 
In Capnocytophaga, only 3-hydroxy fatty acids 
could be identified (Collins et al., 1982). Only a 
small part of these hydroxy fatty acids seem to 
rise from LPS, where, in addition, exclusively 3- 
hydroxy fatty acids are found (Rosenf elder et al., 
1974). 

Most of them rather appear to have their ori- 
gin in novel sulfonolipids, the capnoids, which 
were originally discovered in Capnocytophaga 
but have since been isolated from many other 
Cytophagales and may indeed be a chemosys- 
tematic marker for that group (Godchaux and 
Leadbetter, 1980, 1983, 1984). The capnoids are 
essentially sulfonated sphingolipids, in which the 
hydroxyl on C-1 of the sphinganine base, cap- 
nine, is replaced by a sulfonic acid group. Free 
capnine was found only in Capnocytophaga’, 
normally the amino group on C-2 bears an 
amide-bonded, long-chain, fatty acid as in true 
ceramides. The sulfonilipids may comprise as 
much as 20% of the cell’s total lipids and are 
localized in the outer membrane (Godchaux and 
Leadbetter, 1988). It appears that there is a 
connection between sulfonolipids and gliding 
motility, for capnoid-negative mutants of Cy. 
johnsonae are no longer able to glide, but gliding 
may recover when sulfonolipid synthesis is 
restored (Abbanat et al., 1986). The biosynthesis 
of the capnines is presumably due to the reaction 
of cysteine or, more likely, of cysteic acid with a 
matching fatty acyl-CoA compound (Abbanat et 
al., 1985; White, 1984). 

The fatty acid pattern of marine Fx. polymor- 
phus is unique among the Cytophagales in that 
it consists of relatively low amounts of (mainly 
iso-) branched species and large quantities of 
polyunsaturated fatty acids, viz. 18% 20:5 (Johns 
and Perry, 1977). This, together with the ultra- 
structural details discussed above, suggests that 
this organism may not be correctly classified 
among the Cytophagales. 

It is interesting to note that very similar lipid 
patterns to those just discussed have been dem- 
onstrated in nonmotile but phylogenetically 
related fiavobacteria, i.e., a high proportion of 
branched and of 2- and 3 -hydroxy fatty acids 
(e.g.. Dees et al., 1979; Fautz et al., 1981; Moss 
and Dees, 1978; Oyaizu and Komagata, 1981; 
Yabuuchi et al., 1983; Yano et al., 1976) and 
the occurrence of capnoids (Godchaux and 
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Leadbetter, 1983) and typical sphingophospho- 
lipids and ceramides (e.g., Asselineau and Pichi- 
noty, 1983; Yabuuchi et al, 1983; Yano et al, 
1983). 

The complex lipids of the Cytophagales are 
still incompletely known. In all organisms that 
have been investigated {Capnocytophaga, Cy. 
hutchinsonii, Sp. myxococcoides) phosphatidyle- 
thanolamine was by far the major phospholipid 
(Collins et al., 1982; Holt et al., 1979c; lizuka et 
al., 1987; Walker, 1969). The phospholipid con- 
tent of the capnocytophagas was between 30 and 
36% of the total cellular lipids when estimated 
as acetone-soluble lipid. The organisms also con- 
tained an ornithine lipid, some phosphati- 
dylserine, substantial amounts of a polyprenol, 
and 5% squalene; two laboratories report the 
absence of phosphatidylglycerol (Collins et al., 
1982; Holt et al. 1979a) while in a third labora- 
tory (lizuka et al., 1987), this compound was 
detected along with phosphatidylinositol and 
cardiolipin. In Cy. hutchinsonii, 45% of the dom- 
inating 16:1 fatty acid was recovered from phos- 
phatidylethanolamine; no other phospholipid 
could be demonstrated in this organism, but it 
contained substantial quantities of two unidenti- 
fied gly colipids (Walker, 1969). 

The respiratory quinones of the Cytophagales 
are exclusively menaquinones (Callies and 
Mannheim, 1978; Collins et al., 1982; Kleinig et 
al., 1974; Oyaizu and Komagata, 1981). Different 
species contain either MK-6 or MK-7, and the 
distribution of the two types may be of taxo- 
nomic significance. Thus, all cellulose decompos- 
ers contain MK-7 and differ in that respect neatly 
from most terrestrial CLB, which are presently 
classified with them in the same genus but 
contain MK-6 (M.D. Collins, personal communi- 
cation). The respiratory quinone of Capnocy- 
tophaga is MK-6 with traces of MK-5 (Collins et 
al., 1982), and that of Flexibacter is MK-7 
(Kleinig et al., 1974). Again, the true flavobacte- 
ria are also menaquinone organisms (Callies and 
Mannheim, 1978; Oyaizu and Komagata, 1981). 

Most Cytophagales synthesize pigments. 
Apart from an occasional strain that produces a 
dark, diffusing, probably melaninlike substance 
(e.g., “Cy. krzemieniewskaC'. Stanier, 1941; Fv. 
(Cy.) uliginosum: ZoBell and Upham, 1944), the 
pigments are always cell-bound. Chemically they 
are of two kinds, either carotenoids or flexirubin- 
type pigments. The two pigment types may occur 
in the same organism but then are typically local- 
ized in different places: the carotenoids in the 
cytoplasmic and the flexirubins in the outer 
membrane (Irschik and Reichenbach, 1978). 

It had been suggested for many years that the 
yellow and orange pigments that can be 
extracted from many Cytophagales might be car- 
otenoids (e.g., Anderson and Ordal, 1961a; Fox 



and Lewin, 1963; Lewin and Lounsbery, 1969; 
Verma and Martin, 1967a). Unequivocal proof of 
zeaxanthin (4,4'-dihydroxy-(3,(3-carotene) could 
be provided for the yellow pigment of marine Ft. 
dorotheae (Aasen and Liaaen- Jensen, 1966c); 
the same pigment was demonstrated by chro- 
matographic comparison in marine Cy. lytica 
(Lewin and Lounsbery, 1969), and it was later 
chemically identified also in a terrestrial CLB 
(Cy. johnsonae: Achenbach et al., 1978b). Two 
monocyclic ketocarotenoids, flexixanthin and 
deoxyflexixanthin, have been isolated from a 
flexibacter (probably Fx. roseolus: Lewin and 
Lounsbery, 1969); their chemical structures have 
been elucidated (Aasen and Liaaen- Jensen, 
1966b). Cy. difftuens appears to contain the 
monocyclic dihydroxy carotenoid saproxanthin 
(Lewin and Lounsbery, 1969), which was origi- 
nally isolated from Saprospira grandis and iden- 
tified by chemical methods (Aasen and Liaaen 
Jensen, 1966a). 

A novel pigment type, the flexirubins, which 
later turned out to be of considerable chemosys- 
tematic relevance, has been discovered in Fx. 
filiformis (formerly Fx. elegans Fx el: Achenbach 
et al., 1974, 1976; Reichenbach et al., 1974). The 
chromophore is an omega-phenyloctaenic acid 
which is connected via an ester bond to a resor- 
cinol bearing two hydrocarbon chains (Fig. 4). 
This basic chemical structure may be modified by 
variation of the length and branching of the 
hydrocarbon chains on the resorcinol and by 
the introduction of additional substituents on 
the omega-phenyl ring, specifically methyl and 
chlorine; actually, for all pigment species, 
chlorinated counterparts are found in every flex- 
irubin-producing organism (for reviews of their 
chemistry and biosynthesis, see: Achenbach, 
1987; Achenbach et al., 1978). In this way, a large 
variety of different flexirubin-type pigments 
arise, and one single strain may synthesize more 
than 25 different compounds (Achenbach et al., 
1979). Still, certain structural types seem to be 
characteristic for certain taxa, e.g., a methyl in 
the meta position on the omega-phenyl ring 
seems to occur only in Flexibacter. Biosyntheti- 
cally, the omega-phenyl ring with the first three 
carbon atoms of the chain derives from tyrosine, 
the rest of the chain from acetate, and the resor- 
cinol ring with its hydrocarbon substituents 
derives from acetate and various starter mole- 
cules, like propionate or isovalerate, via an 
orsellinic acid homologue; only the methyl on 
the omega-phenyl comes from methionine; the 
linking of the two halves of the molecule is the 
last biosynthetic step (Achenbach et al., 1972, 
1982, 1983). A total synthesis of flexirubin has 
also been performed (Achenbach and Witzke, 
1977). Flexirubin-type pigments have been 
found so far only in the Cytophagales and in the 
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true flavobacteria (Achenbach et al., 1981; 
Reichenbach et al, 1981; Weeks, 1981). How- 
ever, not all Cytophagales contain flexirubin- 
type pigments, and even closely related species, 
and perhaps even strains of the same species, 
may differ in that respect. Still, the presence of 
these pigments in a strain appears to be a reliable 
criterion that the isolate belongs to the Cytoph- 
agales and flavobacteria. The existence of flexiru- 
bin-type pigments in a strain can be 
demonstrated in three ways: 1) As already men- 
tioned, the colonies show a reversible color shift 
when covered with a 20% KOH solution (see 
color plate I in The Prokaryotes, 1st edition). 2) 
This preliminary test can be confirmed by a sim- 
ple thin-layer chromatography of an acetone 
extract of the bacteria, with an extract of a 
known flexirubin-producer as a reference; this 
test can be made even more reliable by recording 
the absorption spectra of the eluted spots and by 
performing the alkali reaction in the cuvette 
(Reichenbach et al., 1974). 3) Finally, as the only 
other bacterial pigments that give a similar color 
reaction appear to be aromatic carotenoids 
(Kohl et al., 1983), the pigments may be specifi- 
cally labeled by feeding radioactive tyrosine 
(flexirubins) or mevalonic acid (carotenoids); the 
result is analyzed by autoradiography of the 
chromatograms (Fautz and Reichenbach, 1980). 
Incidentally, the color reaction of cellulose- 
decomposing cytophagas or sporocytophagas 
with alkali was already observed long ago, 
although its meaning was not understood at the 
time (Fahraeus, 1947; Walker and Warren, 1938). 

Occasionally, strains of CLB with a thin, film- 
like growth show a striking greenish-reddish iri- 
descence (see color plate I in The Prokaryotes, 
1st edition). This is probably a physical color due 
to interference effects. Also, it has been sug- 
gested that the greenish color that is sometimes 
observed in cultures of Cytophagales may arise 
from the combination of a yellow cell mass 
and dark melaninlike pigments (Lewin and 
Lounsbery, 1969). 

Pigment production by Cytophagales may be 
influenced by environmental conditions. Tlius, 
Cy. succinicans is colorless when grown anaero- 
bically, but yellow-orange under aerobic condi- 
tions (Anderson and Ordal, 1961a). Illumination 
may stimulate carotenoid synthesis; but the syn- 
thesis of the flexirubins is light-independent. In 
the latter case, however, the specific pigment con- 
tent of the cells varied substantially with some 
other culture parameters; in particular, a high 
phosphate content and a low pH appear to reduce 
pigment synthesis (Reichenbach et al., 1974). 

Little else is known about the chemical com- 
position of the Cytophagales. The amino acid 
composition of the protein of a cellulose- 
decomposing cytophaga was analyzed and found 



to be rich in nutritionally valuable, essential 
amino acids (Chang and Thayer, 1975). The GC 
content of the DNA of the Cytophagales varies 
over a wide range from 28 to 65 mol% (e.g., 
Behrens, 1978; Kath, 1990; Mandel and Leadbet- 
ter, 1965; Mandel and Lewin, 1969; Oyaizu and 
Komagata, 1981). The base sequences of large 
chunks of the 16S rRNA of a series of Cytoph- 
aga, Sporocytophaga, and CLB strains have been 
determined (Kath, 1990). An unusual multicopy, 
single-stranded DNA-RNA species (msDNA) 
discovered in myxobacteria (see The Genus 
Pelobacter in this Volume) was also found in Fx. 
filiformis (= Fx. elegans Fx el), but it was ruled 
out for Cy. johnsonae and Tx. ocellatus (Dhun- 
dale et al., 1985); it should be interesting to rein- 
vestigate the isolated occurrence of msDNA in 
Flexibacter with the inclusion of other strains. 

Phages and Bacteriocins 

Phages have been reported for several CLB and 
appear not to be difficult to obtain (Anacker 
and Ordal, 1955; Kingsbury and Ordal, 1966; 
Pate et al., 1979; Richter and Pate, 1988; 
Stiirzenhofecker, 1966; Valentine and Chapman, 
1966). There is considerable morphological 
variability. Most of the phages bear a tail, which 
usually seems to be contractile. However, two 
temperate phages have been isolated from Cy. 
johnsonae strains that appear to have no tails; 
these phages also were sensitive to chloroform, 
and their plaque formation was inhibited by agar 
(Richter and Pate, 1988). In all cases that have 
been investigated, the phages contained double- 
stranded DNA. A phage of Cy. columnaris could 
not be propagated in the presence of streptomy- 
cin (70 pg/ml), probably because the antibiotic 
prevented the injection of the phage DNA into 
the host, which for its part was resistant to strep- 
tomycin (Kingsbury and Ordal, 1966). Much 
higher phage yields were often observed when 
CaCb (1 to 4 mM) was present during infection. 
Interestingly, nonmotile mutants of Cy. johnso- 
nae were completely resistant to all phages 
tested on them (Pate et al., 1988; Wolkin and 
Pate, 1986). 

A bacteriocinlike activity was discovered in a 
strain of Sp. myxococcoides (Tchan and Giuntini, 
1950). The strain inhibited other Sp. myxococ- 
coides strains, but not Cy. aurantiaca; the activity 
could not be propagated, and no phage particles 
could be demonstrated under the electron micro- 
scope. Bacteriocin activity was found in many 
strains of the fish pathogen Cy. columnaris 
(Anacker and Ordal, 1959b). The target specific- 
ity of the bacteriocins produced by different Cy. 
columnaris strains varied, so that with the aid of 
seven selected bacteriocin preparations, 134 
strains could be grouped into nine sensitivity 
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classes. No connection could be seen between a 
certain bacteriocin class and its distribution in 
nature. The same results were observed for sero- 
logical classes of Cy. columnaris (Anacker and 
Ordal, 1959a). Bacteriocin activities were 
recorded in 20 out of 30 tested strains of Cy. 
johnsonae (Richter and Pate, 1988). The activi- 
ties were destroyed by protease treatment and 
acted bactericidally on sensitive strains. With 
respect to their specificity, two types could be 
distinguished: 1) bacteriocins that acted on 
motile and nonmotile strains and 2) ones that, 
like the phages discussed above, attacked only 
motile strains. With the latter, nonmotile mutants 
could be selected. 

The occurrence in various members of the 
Cytophagales of rhapidosomes, which appear to 
be tails of defective phages, has already been 
mentioned. 



Colony Morphology 

The colonies of the Cytophagales typically are 
spreading swarms (Fig. 3). Spreading growth 
depends, however, on several environmental fac- 
tors, so that organisms that are well able to move 
by gliding still may not produce swarms (e.g., 
Chang et al., 1984; Perry, 1973; Wolkin and Pate, 
1984). Thus, e.g., 70% of yellow bacteria isolated 
from sewage plants showed gliding motility 
under the microscope, but only 25% also formed 
spreading colonies (Glide, 1980). It has been 
found in many cases that low nutrient concentra- 
tions favor swarming (e.g., Agbo and Moss, 1979; 
Bauer, 1962; Garnjobst, 1945; Wolkin and Pate, 
1984). Therefore, if spreading is to be observed, 
agar media with a low peptone content (0.1% or 
less) should be used; also, VY/2 agar stimulates 
swarming in many cases. Other factors that may 
influence the spreading behavior are the kind of 
nutrients supplied, temperature, and humidity. 
No general rules can be given; however, often a 
relatively low temperature and a high humidity 
favor spreading. 

The morphology of the swarm colonies varies 
very much, as is to be expected with such a large 
assembly of widely differing organisms. Often 
the swarms are almost unstructured, thin sheets; 
sometimes their surface is covered with flat 
mounds, tiny warts, or veins or it appears fibrous 
and feltlike; or the swarms form a network which 
may become confluent towards the center of the 
colony. While the swarm sheet is always some- 
what slimy, the production of copious amounts 
of slime is relatively rare; it is observed, e.g., 
when the cellulose decomposers are grown on a 
glucose-containing agar (see also Strohl and Tait, 
1978). The slime is usually soft, so that the cells 
can easily be scraped off the plate; but some- 



times it becomes very tough, and the cell mass 
can hardly be removed from the agar surface, 
e.g., with Cy. columnaris (Garnjobst, 1945) and 
Cy. uliginosa. The organisms also often penetrate 
the agar, and some species even grow and spread 
preferentially within the plate, e.g., microaero- 
philic and agar-attacking organisms (e.g., Veld- 
kamp, 1961). Colony variations have been 
reported for several species (Anderson and 
Ordal, 1961a; Bachmann, 1955; Oyaizu et al., 
1982; Pacha, 1968; Stanier, 1942, 1947; Veld- 
kamp, 1961). In one case, migrating microcolo- 
nies were observed (Strohl and Tail, 1978). The 
colonies of the cellulose decomposers on filter 
paper are slowly expanding, glassy, unstructured, 
slimy patches that are usually bright yellow to 
orange. Grey areas in the colonies of Sporo- 
cytophaga usually signal generous microcyst 
formation. 

A sickening odor has been reported for Cy. 
columnaris on nutrient agar (Garnjobst, 1945). 
On peptone-containing media, and particularly 
with liquid cultures, a strong, cheesy smell is pro- 
duced by many CLB. The cellulose degraders 
produce a pleasant sour-fruity odor when grow- 
ing on glucose agar. 



Physiology and Enzymology 

With a few exceptions, the physiology and enzy- 
mology of the various members of the Cytoph- 
agales have not been thoroughly investigated, 
and virtually no information is available about 
most basic biochemical pathways. Further, many 
of the studies were published a long time ago, 
and a reevaluation of the data in the light of 
modern biochemical insights would be desirable. 
On the other hand, nothing discovered so far 
suggests that the metabolism of these bacteria 
would differ in some basic manner from the 
metabolism of other comparable organisms. 

Most Cytophagales are strict aerobes, but 
there also are microaerophilic species, faculta- 
tive anaerobes, and organisms with a strictly fer- 
mentative metabolism (Anderson and Ordal, 
1961a, 1961b; Bachmann, 1955; Hirsch, 1980; 
Leadbetter et al., 1979; Stanier, 1947; Veldkamp, 
1961). It appears that all Cytophagales that are 
capable of fermentative growth require elevated 
CO 2 levels (optimum 0.3 to 1% NaHCOs: Cy. 
fermentans, Cy. succinicans, Cy. salmonicolor, 
Capnocytophaga). For strictly fermentative Cap- 
nocytophaga it has been shown that CO 2 is 
necessary because the organism depends on 
phosphoenolpyruvate carboxykinase (PEPCK) 
in order to synthesize ATP and the terminal elec- 
tron acceptor, oxalacetate; the latter is reduced 
under regeneration of NAD to the level of suc- 
cinate, which is then excreted as the major fer- 
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mentation product. Obviously PEPCK replaces 
in that organism the more usual pyruvate kinase. 
The enzyme is regulated by the energy charge of 
the cell: low ATP levels stimulate, high ones 
inhibit PEPCK activity (Kapke et al., 1980). A 
condensation of CO 2 with phosphoenolpyruvate 
was also suggested for fermentatively growing 
Cy. succinicans (Anderson and Ordal, 1961b). 
The reaction was stimulated by GDP. A CO 2 - 
independent fermentation of fructose-1, 6- 
diphosphate could be performed in cell extracts 
supplemented with lactate dehydrogenase. The 
data could be well reconciled with the mecha- 
nism outlined for Capnocytophaga. As Cy. suc- 
cinicans is a facultative anaerobe, it is likely to 
have alternative pathways starting from PEP. 
The fermenting organisms may utilize various 
sugars, mannitol, and polysaccharides such as 
agar or starch; however, as a rule, organic acids 
are not suitable fermentation substrates; one 
exception is Cy. succinicans, which grows anaer- 
obically on pyruvate. Fermentation products are 
mainly succinate and acetate, usually also propi- 
onate and formate, and sometimes small quanti- 
ties of lactate and ethanol. Cy. salmonicolor 
produces CO 2 and H 2 during fermentative 
growth (Veldkamp, 1961). 

Nitrate respiration allows vigorous growth of 
Cy. Johns onae var. denitrificans (Stanier, 1947). 
More recently, a CLB was isolated that grew 
anaerobically with NOs”, N 02 ~, and N 2 O as ter- 
minal electron acceptors (Adkins and Knowles, 
1984, 1986). If small quantities of sulfide (0.4 
|iM) were available, this organism was able to 
reduce N 2 O even in the presence of acetylene in 
concentrations (4 kPa) that normally inhibit N 2 O 
reduction. This is also of interest because 
acetylene-inhibited N 2 O reduction is generally 
accepted as a measure of denitrification in soils. 
However, other denitrifying CLB (Cy. Johns onae 
strains) did not show acetylene-insensitive N 2 O 
reduction (Adkins and Knowles, 1986). The 
strains differed in their ability to reduce various 
nitrogen compounds. In one case, N 2 O reduction 
turned out to be inducible by nitrite, but not by 
nitrate. Anaerobic growth under reduction of 
nitrite or N 2 O has also been found among fla- 
vobacteria (Pichinoty et al., 1976). Growth with 
fumarate as the terminal electron acceptor was 
not possible with any of the Cytophagales and 
flavobacteria tested, but several of the organ- 
isms, e.g., Cy. hutchinsonii and Cy. Johnsonae, 
could use fumarate for limited NAD regenera- 
tion under anaerobic conditions (Callies and 
Mannheim, 1978). As already mentioned, no 
strict anaerobes are known among the 
Cytophagales. 

It appears that all Cytophagales, including the 
cellulose decomposers, grow on organic nitrogen 
compounds, e.g., peptones, as the sole nitrogen 



source. Many also use the same compounds for 
carbon and energy and grow vigorously on pep- 
tone media, even if, as a rule, carbohydrates are 
the preferred carbon and energy sources. Some 
organisms, however, require the addition of a 
carbohydrate, e.g., apparently all cellulose 
decomposers. On the other hand, there are also 
organisms that cannot utilize carbohydrates at 
all, e.g., Cy. psychrophila (Pacha, 1968) and 
many Cy. columnaris strains (e.g.. Song et al., 
1988a). 

Many Cytophagales can be cultivated on inor- 
ganic nitrogen compounds. NH/ is usually pre- 
ferred to NOa”. The latter can sometimes not be 
utilized at all, thus by Cy. fermentans 
(Bachmann, 1955). The spectrum of utilizable 
carbon compounds is wide and varies with the 
individual organisms. Glucose is almost always 
accepted. One exception is the Cy. dijfluens 
group: These bacteria require some other sugar 
like galactose or sucrose (Lewin and Lounsbery, 
1969). Acid is often produced from carbohy- 
drates even under aerobic conditions (e.g., 
Oyaizu and Komagata, 1981; van der Meulen et 
al., 1974). Sp. myxococcoides metabolizes glu- 
cose via the Embden-Meyerhof-Parnas pathway 
(Hanstveit and Gokspyr, 1974), as does Cy. 
Johnsonae (Reichardt and Morita, 1982a). 

Many of the Cytophagales are able to degrade 
biomacromolecules, particularly all kinds of 
polysaccharides, like agar, starch, cellulose, yeast 
cell-wall (3-glucan, succinoglycan (Oyaizu et al., 
1982), pectin, alginate, and heparin. As many of 
the responsible exoenzymes potentially are of 
some practical interest, these activities will be 
discussed under “Practical Aspects,” this chapter. 

DNA and RNA are efficiently degraded by 
many Cytophagales (e.g., Greaves et al., 1970; 
Mitchell et al., 1967). A particularly strong 
DNAse activity is observed with Cy. columnaris. 
It seems, however, that no organism is able to 
grow solely on nucleic acids. Phosphatases are 
very common among the Cytophagales (e.g., 
Christensen, 1977a; Hirsch, 1980; Reichardt et 
al., 1983). An alkaline and an acid phosphatase 
of Cp. ochracea have been isolated and studied 
in detail (Poirier and Holt, 1983b). The enzymes 
are able to remove phosphate from phosphoseryl 
residues of phosvitin and may play a role in the 
dephosphorylation of phosphoproteins. CLB are 
able to grow on washing-powder polyphosphates 
as phosphate sources; the polyphosphates are 
well tolerated up to 0.0025% and are rapidly 
hydrolyzed (Ruschke and Kohn, 1970). Lipolytic 
activities are also known from Cytophagales, 
e.g., cleavage of tributyrin and of Tweens (e.g., 
Christensen, 1977a; Hirsch, 1980; Jooste et al., 
1985; Oyaizu et al., 1982; Reichardt et al., 1983), 
but the responsible enzymes seem never to have 
been characterized. 
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The patterns of antibiotic sensitivities have 
been determined for many members of the 
Cytophagales, although the data often are not 
really comparable because of differences in 
methods (e.g., Agbo and Moss, 1979; Arlet et al, 
1987; Christensen, 1977a; Forlenza et al, 1981; 
Graf and Morhard, 1966; Reichardt et al, 1983; 
van der Meulen et al, 1974; Warke and Dhala, 
1968). It appears that many organisms are rela- 
tively resistant to penicillins, polymyxin B, ami- 
noglycosides, and chloramphenicol. Kanamycin 
resistance has been used in the isolation of 
cellulose-decomposing Cytophaga and Sporocy- 
tophaga strains (2.5 to 10 mg kanamycin sulfate 
per liter); but it is not known whether these 
organisms are always resistant to that antibiotic 
(Riviere, 1961a). Capnocytophagas respond to 
several conventional antibiotics and are thus 
easy to control. 

A genetics of the Cytophagales is still 
nonexistent. 

Classification and Identification 

As mentioned in the introduction, 16S rRNA 
studies have shown that the Cytophagales are a 
main branch, or phylum, of their own in the 
bacterial phylogenetic system (Paster et al., 
1985). They are found there together with some 
other, phenotypically rather different bacteria; 
although our current knowledge suggests that 
some common characteristics may indicate con- 
nections between those groups, on this basis, 
probably, nobody would have dared earlier to 
propose the existence of a natural relationship 
among all those bacteria. Thus, e.g., Capnocy- 
tophaga resembles Bacteroides morphologically 
and metabolically to such a degree that it was 
formerly classified in this genus. Also, sphin- 
golipids, in general rare in bacteria, are found in 
Bacteroides and in certain fiavobacteria (but also 
in nonrelated myxobacteria). Further, the 16S 
rRNA tree of descent demonstrates unequivo- 
cally that the present genera of the Cytophagales 
are heterogeneous and that we may even need 
new definitions for families and perhaps orders. 

The order Cytophagales is defined here using 
conventional phenotypic characteristics so that 
new isolates can be classified relatively easily and 
reliably. As discussed in the introduction, only 
part of the group of phylogenetically related bac- 
teria is included in the phenotypically defined 
order. As defined here, the order Cytophagales 
contains unicellular. Gram-negative, rod-shaped, 
gliding bacteria that often exhibit a pronounced 
cellular shape change or at least pleomorphism. 
Most species produce more or less brightly col- 
ored, yellow, orange, pink, or red colonies. The 
yellow and orange ones often give a positive flex- 



irubin reaction. The respiratory quinones are 
exclusively menaquinones. 

This definition presents us with two problems: 
First, a practical one — how to distinguish cytoph- 
agas from Lysobacter, which shares many of the 
above-mentioned characteristics. Differences in 
cell shape and pigmentation, as mentioned in the 
introduction, would quickly differentiate most, 
but unfortunately not all, Cytophagales from 
Lysobacter. In case of doubt, more subtle char- 
acteristics have to be examined. It seems that all 
lysobacters degrade chitin, while many Cytoph- 
agales do not. The GC content of Lysobacter 
DNA is high, between 65 and 70 mol%, values 
that are only reached by red Taxeobacter among 
the Cytophagales. The respiratory quinones of 
Lysobacter are ubiquinones (Q-8), while all 
Cytophagales appear to contain menaquinones 
exclusively (M.D. Collins, personal communica- 
tion). Finally, no marine and no parasitic lyso- 
bacters have been found so far. 

The second problem is how to integrate the 
fiavobacteria into the order Cytophagales. The 
old genus Flavobacterium was plainly heteroge- 
neous, but after exclusion of the high-GC- 
content species, the remaining, low-GC-content 
(30-45 mol%) species appear to be naturally 
related among themselves and with the Cytoph- 
agales. Those species of fiavobacteria for which 
16S rRNA catalogs exist are connected to the 
phylogenetic tree of the Cytophagales at various 
levels and are often found close to the gliding 
species. This suggests that the genus Flavobacte- 
rium is still heterogeneous and that a gliding 
species may be more closely related to a non- 
glider than to another glider. The situation 
became even more confusing after several organ- 
isms that were originally described as nonmotile 
and consequently classified as Flavobacterium 
species were later discovered to glide; they 
would therefore have to be classified among the 
cytophagas. This is the case for the type species 
of Flavobacterium, Fv. aquatile, and for Fv. pect- 
inovorum, Fv. uliginosum, and Fv. heparinum. 
The (nonmotile) fiavobacteria also have, in com- 
mon with the Cytophagales, menaquinones as 
the only respiratory quinones and often have 
flexirubin-type pigments. Therefore, most proba- 
bly, gliding motility will lose its determining 
character in this taxonomic group, and eventu- 
ally there may be order (s), families, and perhaps 
even genera that comprise motile and nonmotile 
species, just as there are in groups of flagellated 
bacteria. But before the new boundaries can be 
defined, more data, especially molecular and 
chemosystematic ones, are needed. 

As set out above, the Cytophagales are 
restricted here to gliding organisms which can be 
differentiated into genera according to the fol- 
lowing key: 
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Key to the Genera of the Cytophagales 

1. Cellulose decomposers that grow on filter 

paper as the only carbon source; may utilize 
inorganic or organic N sources; cannot grow on 
peptone alone but require in addition a 
carbohydrate, like cellulose (filter paper) or a 
suitable sugar (e.g., glucose) 2 

1'. Do not attack filter paper cellulose; usually 
grow well on peptones, but some are much 
stimulated by carbohydrate or depend on it for 
fermentative growth 3 

2. Produce microcysts Sporocytophaga 

2'. Do not produce microcysts, terrestrial 

Cytophaga 

2". Do not produce microcysts, marine 

Cytophaga (?) 

3. Strictly fermentative; require CO 2 and 
carbohydrate for growth; inhabitants (mainly) of 

the oral cavity of man and mammals 

Capnocytophaga 

3'. Strict aerobes or facultative anaerobes ... 4 

4. Vegetative cells in young cultures are long (20 

to 100 pm) thread cells 5 

4'. Vegetative cells in young cultures are short to 
moderately long (2 to 15 pm) rods 6 

5. Soil and freshwater bacteria; several species 

show a very conspicuous (cyclic) cellular shape 
change: in young cultures, long (20-30 pm), 
extremely agile thread cells; in older cultures, 
short immotile rods or coccobacilli; many 
strains contain flexirubins; GC content, 40 to 50 
mol% Flexihacter 

5'. Marine organisms; cellular shape change not 
observed Microscilla 

5". Marine organisms; very long (sometimes 
multicellular and nonmotile) filaments which 
may or may not have a sheath and release 
shorter, but often still rather long, gliding thread 
cells; colonies yellow due to zeaxanthin, no 

flexirubins; GC content, 37 mol% 

Flexithrix dorotheae 

6. Short, stout rod cells with rounded ends, often 
arranged at the edges of the colonies in a 
palisadelike fashion; colonies more or less brick 
red; GC content, 55 to 65 mol% . . . Taxeohacter 

6'. Cell shape very variable: short to very short, 
but sometimes also moderately long (5 to 15 pm) 



rods, delicate or plump, with rounded or tapering 
ends; colonies often fast spreading, filmlike 
swarms, yellow to orange, marine organisms 
sometimes pink; many terrestrial isolates contain 
flexirubin-type pigments, marine isolates usually 
do not; in soil, freshwater, and marine habitats; 
some are fish pathogens; GC content, 30 to 40 
mol% Cytophaga-\\kQ bacteria (CLB) 

(6".) Cells are relatively short, cylindrical rods 
with rounded ends, but often long thread cells or 
cell chains are also found in cultures; colonies 
(slowly) spreading, often rather slimy, pale grey 
to greenish yellow, brick red, or brown due to 
diffusing pigments; respiratory quinone is Q-8; 
GC content, 65 to 70 mol%: these organisms do 
not belong to the Cytophagales . . . {Lysobacter) 

The cellulose decomposers were historically 
the first cytophagas described, and thus taxonom- 
ically they represent the type of the whole group. 
For many years it has been suggested that these 
cellulose decomposers are rather specialized 
organisms that are not closely enough related to 
the other organisms of the group to be united 
with them in one genus. Experimental evidence 
for this hypothesis has been provided recently: 
Surveys of the respiratory quinones of gliding 
bacteria showed that many CLB contain MK-6, 
but all cellulose decomposers contain MK-7 
(Oyaizu and Komagata, 1981; M.D. Collins, per- 
sonal communication). Quantitative fatty acid 
analyses, DNA-DNA hybridization data, and 
especially comparisons of 16S rRNA base 
sequences suggest that the two type strains of the 
named species of the cellulose-decomposing 
cytophagas and of several new isolates are 
relatively closely related among themselves. 
Further, it could be shown that Sporocytophaga 
strains are equally closely related among them- 
selves and, finally, that the latter are relatively 
closely related to the cellulose-decomposing 
cytophagas, but that other CLB, like Cy. johnso- 
nae and Cy. heparina, are much farther off from 
both (Kath, 1990). The conclusion is that the 
genus Cytophaga should indeed be restricted to 
the cellulose decomposers. New genera will have 
to be defined for the other organisms hitherto 
classified in the genus Cytophaga, but this should 
not be done until after the boundaries between 
the various groups have been clearly established 
by molecular taxonomy. In the present situation 
it may be best to follow the practice used in the 
present review and to group these other organ- 
isms under the label Cytophaga-\\kQ bacteria 
(CLB). Sporocytophaga appears to be a separate 
and equally natural genus, at least as far as cel- 
lulose decomposers are concerned. Sporocytoph- 
aga isolates can easily be recognized by the 
presence of microcysts; these are usually pro- 
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duced in enormous numbers in enrichment cul- 
tures, and their formation can also be reliably 
induced with pure strains that no longer produce 
them in ordinary plate cultures when the strain 
is grown in M9 liquid medium (Kath, 1990). Sp. 
cauliformis appears to be a misnomer (Graf, 
1962a): It seems neither to decompose cellulose 
nor to form microcysts and probably belongs to 
the large assembly of CLB. 

Another source of confusion is the distinction 
between Flexibacter and Cytophaga. The defini- 
tion of the genus Flexibacter given here is based 
on the original description by Soriano (1945, 
1947), but it is in disagreement with that used in 
Ber gey’s Manual, eighth edition (Leadbetter, 
1974). The definition of Flexibacter has recently 
been changed again in Ber gey’s Manual of 
Systematic Bacteriology (Reichenbach, 1990), 
where it is now placed in accordance with the 
ideas presented here. (A detailed explanation of 
the rather complex taxonomic situation may be 
found in the latter reference, but it will not be 
repeated here.) The organisms united in the 
present genus Flexibacter have long, highly fiex- 
ible cells. The organisms also have in common a 
somewhat higher GC content of 40 to 50 mol% 
(Behrens, 1978; Mandel and Lewin, 1969) and 
they all seem to contain MK-7 as respiratory 
quinone (M.D. Collins, personal communica- 
tion). The type species is Fx. flexilis, which shows 
rather sluggish movements and is fiexirubin neg- 
ative. Much more fascinating is Fx. elegans Sori- 
ano (1945), which for many years was regarded 
as the typical Flexibacter and about which many 
details have been published, especially about 
strain Fx el (e.g., Achenbach et al., 1978; 
Behrens, 1978; Fautz et al., 1979, 1981; Hirsch, 
1979; Paster et al., 1985; Poos et al., 1972; 
Rosenfelder et al., 1974; Reichenbach et al., 
1974, 1981; Simon and White, 1971). In young 
cultures and at the edges of spreading swarms, 
the organism has long and extremely agile 
thread cells. These cells change their shape in the 
later stages of the culture, becoming shorter and 
shorter and finally becoming nonmotile (Fig. 2; 
Poos et al., 1972; Simon and White, 1971). Under 
certain conditions, the organism may grow 
exclusively in the short form, but the cells 
readily grow out into thread cells again if condi- 
tions are changed. Soriano (1945) did not men- 
tion any shape change, perhaps because he did 
not observe it, perhaps because he thought his 
cultures were contaminated, or perhaps because 
he regarded his organisms to consist of multicel- 
lular filaments and therefore judged fragmenta- 
tion to be commonplace. But his description of 
Fx. elegans, and especially of the movements of 
the thread cells, leaves no doubt that his and our 
organisms are at least closely related. It was later 
discovered that there existed in the literature an 



even earlier description that exactly fitted Fx. 
elegans as outlined above, shape change, color, 
and physiology included — that of Myxococcus 
filiformis by Solntseva (1940), whose only mis- 
take was to misinterpret the short cells as myx- 
ospores. Unfortunately, the situation was further 
confounded by the description under the name 
of Fx. elegans of an organism that quite obvi- 
ously was not identical with Soriano’s species 
(Lewin, 1969; Lewin and Lounsbery, 1969). As 
the name Fx. elegans has been conserved 
with Lewin’s stain as the type species, it has 
been proposed to change the name of the organ- 
isms discussed above into Fx. filiformis 
(Reichenbach, 1990). To complicate things even 
more, an organism has been described more 
recently under the name of Chitinophaga, with- 
out any reference to the publications cited 
above, which is clearly closely related or identi- 
cal with Fx. filiformis (Sangkhobol and Sker- 
man, 1981). In this case, microcysts have again 
been postulated, but the published pictures are 
not at all convincing, and when studying the type 
strain the present author has never observed 
anything even remotely resembling a microcyst 
(H. Reichenbach, unpublished observations). In 
the 16S rRNA phylogenetic tree, Fx. filiformis 
Fx el is found in a side branch far away from 
Sporocytophaga and the CLB (Paster et al., 
1985). It remains to be established whether the 
genus Flexibacter in its present state is really 
homogeneous. The genus is restricted so far to 
soil and freshwater organisms; many, but not all, 
contain fiexirubin pigments, which have in fact 
been discovered in strain Fx el. The marine 
counterpart of Flexibacter may be Microscilla; 
no cellular shape change is known for this genus 
(Lewin, 1969; Lewin and Lounsbery, 1969; 
Pringsheim, 1951). It has not been well studied, 
and the status of the genus and its relation to the 
other Cytophagales are unknown. 

The CLB are unquestionably a very large 
and heterogeneous assembly of terrestrial and 
marine bacteria. They will probably have to be 
distributed over several new genera, as discussed 
above. In the absence of a sound taxonomy, it is 
not even remotely possible at the moment to 
estimate the number of existing species. From 
DNA-DNA hybridization data and other studies 
it may be deduced that there are many more 
genera than are named so far. Some efforts have 
been made to establish a reliable taxonomy for 
the fish pathogens, which would obviously be of 
great practical importance. DNA-DNA hybrid- 
ization data showed that the fish pathogens Cy. 
columnaris, Cy. psychrophila, and Cy. maritima 
are all well-separated, homogeneous, genomic 
species, which show little relatedness among 
themselves or to the many environmental species 
included in the studies (Baxa et al., 1987; Bernar- 
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det and Grimont, 1989; Bernardet and Ker- 
ouault, 1989; Bernardet et al, 1990). There are, 
however, strong indications that these are not 
the only fish pathogens among the CLB and that 
there are still other, hitherto undescribed species 
(Kent et al, 1988; Pyle and Shotts, 1981). Fur- 
ther, the data seem to suggest that the fish patho- 
gens are restricted to fish and cannot be isolated 
as free-living, environmental strains, although 
the latter possibility is difficult to rule out defi- 
nitely. Information about an environmental res- 
ervoir of the fish pathogens would, of course, be 
of central importance for epidemiological con- 
siderations and control measures. Serological 
data speak also against a close relationship 
between fish-pathogenic and environmental 
CLB (Pacha and Ordal, 1970; Pacha and Porter, 
1968). Serological tests have therefore been very 
useful for a quick diagnosis of the fish pathogens, 
which is important for practical reasons. Early 
studies showed that species-specific antigens 
exist in Cy. columnaris and Cy. psychrophila 
(Anacker and Ordal, 1959; Bullock, 1972; Pacha 
and Porter, 1968). Cy. columnaris has in addition 
at least seven type-specific antigens, which can 
be used to subdivide a collection of 325 strains 
into four serological groups; no link could be 
seen between those serological groups and levels 
of virulence (Anacker and Ordal, 1959; Pacha 
and Ordal, 1970). Fluorescence-labeled specific 
antibodies against Cy. maritima could be used to 
demonstrate the presence of the pathogen in 
various tissues (Baxa et al., 1988). Incidentally, 
the fish themselves develop antibodies against 
Cy. columnaris, and these seem to limit natural 
infection and can be applied to protection by 
vaccination (e.g., Becker and Fujihara, 1978; 
Liewes et al., 1982). 

In another study, the isoenzyme patterns of 
106 strains of spreading and nonspreading, yel- 
low-pigmented bacteria from fish and other hab- 
itats were used to classify CLB. While one group 
coincided neatly with isolates that had been 
identified with Cy. columnaris, the other three 
groups were clearly heterogeneous, one of them 
even containing other Cy. columnaris isolates 
(Starliper et al., 1988). T^us, the results were 
inconclusive, and isoenzyme studies do not 
appear promising for taxonomic purposes. 

The recently discovered genus Taxeohacter (H. 
Reichenbach, unpublished observations) has a 
special position among the soil Cytophagales. It 
is distinguished from the CLB by its cell mor- 
phology, the arrangement of the cells in spread- 
ing colonies (Figs. 1 and 3), and the brick red 
color of the latter. It is a common organism that 
can be cultivated without difficulties and has 
probably only been overlooked because it is not 
easily isolated by conventional techniques. By 
16S rRNA cataloging, Taxeohacter (= Myx 2105) 



has been located in the Fx. filiformis side branch 
close to Cy. heparina (Paster et al., 1985). 

As already mentioned, Capnocytophaga has 
been known for many years under different 
names. It is a fermenter requiring an atmosphere 
with 5% CO 2 , at least for isolation, and produces 
mainly acetate and succinate from glucose. Ini- 
tially only known from the human oral cavity, 
related species have since been found also in 
animals, e.g., in dogs (Brenner et al., 1989) and 
in the rice rat (Shklair and Ralls, 1988). The 
genetic homogeneity of the three human species 
and the identity of one of them with Bacteroides 
ochraceus (type strain) has been established by 
DNA-DNA hybridization (Williams and 
Hammond, 1979; Williams et al., 1979). 

Practical Aspects 

The Cytophagales are of considerable practical 
interest. Their importance becomes even more 
impressive if we take also into consideration the 
many isolates classified as Flavobacterium in the 
literature, which would be justified because 
those strains may often have been CLB with 
unrecognized gliding motility, and even if they 
were true flavobacteria, they would be closely 
related organisms. A general review of the prac- 
tical aspects of gliding bacteria including the 
Cytophagales has been published (Reichenbach, 
1988). 

Bacteria belonging to this large complex of 
species are found virtually everywhere in nature, 
at least in aerobic and microaerobic environ- 
ments. They definitely play a major role in the 
turnover of matter. Their activities are, of course, 
not always beneficial for humans. Some undes- 
ired effects with respect to the dairy industry (see 
also Cousin, 1982; Guamis et al., 1987) and the 
rotting of cellulose fabrics have already been 
mentioned. Other examples of this less pleasant 
side are the participation of pectolytic CLB in 
the spoilage of vegetables (Liao and Wells, 1986; 
Lund, 1969) and of proteolytic CLB in the putre- 
faction of fish, although in the latter case, gliding 
bacteria may be associated with freshly caught 
fish and are gradually replaced by other bacteria 
during deterioration (Cho et al., 1984; Gennari 
and Tomaselli, 1988; Liston, 1960; Shewan, 1971). 
Also in nature the actions of CLB are not always 
beneficial. Thus, e.g., CLB have been found tun- 
neling in the cell walls of seagrass leaves, appar- 
ently killing the leaves in the process (Porter et 
al., 1989). A case of symbiosis was discovered in 
calcareous sponges of the genus Clathrina; the 
bacterium may be sponge-specific and has been 
associated with the sponge for a long time 
(Burlando et al., 1988). There may yet be many 
more examples of similar symbioses to be discov- 
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ered. One such case may be the yellowish-brown 
bacterium living in the mycetomes of the granary 
weevil Sitophilus granarius (Bhatnager and 
Musgrave, 1970). 

In a different context, the destruction of 
organic molecules may become a positive asset. 
The occurrence of large populations of CLB in 
sewage plants has already been discussed (see 
also Bauer, 1962). Cellulolytic Cytophaga and 
Sporocytophaga seem to play a role during 
composting of cattle manure (Godden and 
Penninckx, 1984). Many articles describe the 
decomposition by flavobacteria of recalcitrant 
chemicals such as pesticides, and, as just 
explained, some of these could really have been 
CLB. Thus, flavobacteria have been found to 
attack chlorobenzoic acid (Baggik, 1985), pen- 
tachlorophenol (Brown et al., 1986; Crawford 
and Mohn, 1985), parathion (Mulbry et al., 
1986), nylon oligomers (Negoro and Okada, 

1982) , biphenyl and phenanthrene (Stuck! and 
Alexander, 1987), and aliphatic diols (Willetts, 

1983) , to give just a few examples. The digestion 
of hardwood mesquite {Prosopis sp.) with a cel- 
lulose-decomposing Cytophaga strain has been 
studied with the aim of improving the feed qual- 
ity of the plant material for cattle (Chang and 
Tliayer, 1975). It was shown that the Cytophaga 
protein is particularly rich in essential amino 
acids, but feeding experiments with mice gave 
unsatisfactory results. 

The production by members of the Cytoph- 
agales of special enzymes for technical applica- 
tion could be another field of practical interest. 
Not too much is known about such enzymes, but 
a number of potentially useful hydrolases and 
lyases has indeed been discovered and more or 
less characterized. The following examples may 
illustrate this. The Cytophaga and Sporocytoph- 
aga species are very active cellulose decomposers 
and have been studied since the beginning of the 
century (e.g., Berg et al., 1972; Fahraeus, 1947; 
Hutchinson and Clayton, 1919; Imshenetski and 
Solntseva, 1936; Krzemieniewska, 1930, 1933; 
Riviere, 1961; Sijpesteijn and Fahraeus, 1949; 
Stanier, 1942; Winogradsky, 1929). Initially it was 
believed that enzymatic attack required close 
contact between cell and fiber, but later it was 
found that in the culture supernatant of Sp. 
myxococcoides there were also enzymes that 
could solubilize cellulose, at least to a certain 
degree (Kauri and Kushner, 1985; Osmundsvag 
and Goks0yr, 1975; Vance et al., 1980). With 
other organisms, however, cell-free cellulases 
could not be demonstrated (Chang and Thayer, 
1977). Also, transglycosylations to (3-1-3 and p-1- 
6 oligosaccharides (Charpentier, 1965) and a con- 
version of p-D-glucose into a-D-glucose by the 
activity of an exoglucanase (Charpentier and 
Robic, 1974) have been demonstrated. Relatively 



little is known about enzymes themselves, and a 
reinvestigation using modern methods would be 
desirable. 

Another group of enzyme producers known 
for some time are the pectolytic CLB (e.g., 
Donderski, 1982; Dorey, 1959; Glide, 1973). The 
responsible enzyme is a randomly cleaving 
polygalacturonate lyase, which catalyzes a trans- 
elimination reaction; a pectin methyl esterase 
could not be found (Kurowski and Dunleavy, 
1976; Sundarraj and Bhat, 1971). Only one single 
enzyme was found in Cy. johnsonae, and this 
enzyme was the smallest one (35 kDa) of all 
pectate lyases characterized (Liao, 1989). The 
pectolytic activity of Cy. johnsonae made water- 
stored spruce logs more permeable for preserva- 
tives and was therefore considered to be of 
practical relevance (Kurowski and Dunleavy, 
1976; Ward and Fogarty, 1974). 

Although chitin degradation is often observed 
among CLB and flexibacters, relatively little is 
known about the enzymes (Donderski, 1984; 
Reichardt et al., 1983; Stanier, 1947; Sundarraj 
and Bhat, 1972). The enzymes of Cy. johnsonae, 
a chitinase and a chitobiase, may be excreted or 
cell-bound. Deacetylation seems to be the first 
degradation step. The chitinolytic strain of Cy. 
johnsonae studied by Veldkamp (1955) was 
either a Lysobacter, judging from the strain 
deposited at NCIB (no. 8501), or a Flexibacter, 
as may be concluded from the published descrip- 
tion of the organism. 

Several enzymes from CLB that degrade 
polysaccharides derived from marine algae have 
been characterized, mainly agarases (Duckworth 
and Turvey, 1969a, 1969b, 1969c; van der Meulen 
and Harder, 1975, 1976), but also a porphyranase 
(Turvey and Christison, 1967) and a large (100 
kDa) extracellular carrageenase (Sarwar et al., 
1987). 

Many Cytophagales efficiently hydrolyze 
starch (e.g., Christensen, 1977a), but the 
enzymes never seem to have been studied. In 
two cases, special enzymes have been found in 
CLB because they had been screened for them 
for an application in structural studies. A strain 
was found and identified with Cy. johnsonae 
that produced endo-p-glucanases, which could 
then be used to study the composition of yeast 
cell walls (Bacon et al., 1970; Webley et al., 
1967). The discovery of a strain that attacked 
heparin (Payza and Korn, 1956a, 1956b) proved 
a decisive contribution to the elucidation of 
the chemical structure of this complex het- 
eropolysaccharide (e.g., Dietrich, 1969). The 
organism was first classified as Flavobacterium 
heparinum but later recognized to be a CLB 
(Christensen, 1980). Enzyme production has to 
be induced by the addition of heparin, and 
yields are not particularly good. Later, another 
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(tentatively classified) Flavohacterium strain 
was isolated that produced heparinase constitu- 
tively and at a 10-fold higher level (Joubert and 
Pitout, 1985). The enzyme may be of consider- 
able practical interest for the deheparinization 
of blood. 

Many Cytophagales excrete strong protein- 
ases. A few of these enzymes have been further 
characterized because of their unusual specifici- 
ties. In a screening, strains were discovered that 
solubilized autoclaved feathers and wool and 
could grow on these substrates as the only C and 
N sources; they did not attack the native material 
(Christison and Martin, 1971; Martin and So, 
1969). The organisms resembled Cy. johnsonae 
in their characteristics but were never clearly 
classified. The keratinolytic enzyme appears to 
be associated with acidic polysaccharides on the 
surface of the cells. Capnocytophagas show 
strong aminopeptidase activities (e.g., Nakamura 
and Slots, 1982). In a screening for arylami- 
nopeptidases among oral bacteria, several differ- 
ent activities at high levels were discovered 
in capnocytophagas, including monopeptide-, 
dipeptide-, and tripeptide-cleaving enzymes, 
some of which were only seen in capnocytopha- 
gas, e.g., enzymes attacking ala-, leu-, his-, lys-, 
and met-p-naphthylamines (Suido et al., 1986). 
Such proteolytic enzymes could contribute to the 
occasional pathogenicity of the organisms. Also 
the fish-pathogenic CLB show very strong pro- 
teolytic activities, which may be responsible for 
at least part of their infectivity. In an effort to 
prepare compounds with immunoadjuvant activ- 
ity from cell walls of Staphylococcus epidermis, 
an interesting endopeptidase was isolated from 
the culture supernatant of the gliding bacterium 
Cytophaga B-30 (Kawata et al., 1984). The iden- 
tity of the organism is not unequivocally estab- 
lished, and the description does not rule out the 
possibility that it was really a lysobacter. The 
enzyme released long-chain polysaccharide pep- 
tides from Staphylococcus, but little or nothing 
from Streptococcus and Micrococcus peptidogly- 
can. In cells and in the culture supernatant of 
Cytophaga NCMB 1314, an agent was discov- 
ered, presumably an enzyme, that solubilized 
active cholinesterase from fish muscle (plaice, 
Pleuronectes platessa). Again, the identity of the 
organism is not completely clear. Release of 
this “S-factor” into the medium was stimulated 
by cultivation under magnesium limitation 
(Bovallius, 1978, 1979; Lundin, 1968; Lundin and 
Bovallius, 1966). 

Substantial phospholipase A 2 activity has been 
seen in Capnocytophaga (Cp.) ochracea strains; 
it has been suggested that this enzyme is a factor 
contributing to the pathogenic potential of the 
organism (Sandholm et al., 1988). 



Interesting immunological effects may be pro- 
duced with certain cell components of the 
Cytophagales. The allergenic activity of Cytoph- 
aga allerginae endotoxin, leading to humidifier 
fever, a lung disorder, has already been men- 
tioned; the chemical composition of the endot- 
oxin has been determined (Flaherty et al., 1984; 
Liebert et al., 1984). The purified endotoxin 
proved to be a novel mitogen that induced 
peripheral blood lymphocytes in vitro to synthe- 
size IgG and IgA; as the immunoglobin induction 
is not inhibited by cyclosporin A, it seems to be 
T-cell independent (Alevy and Compas, 1987). 
Another potent mitogen called gliding bacteria 
adjuvant (GBA) was recovered in relatively large 
quantities (140 to 400 mg/1) from the culture 
supernatant of the Cytophaga GB-2. The psy- 
chrotrophic bacterium was first isolated from 
contaminated fetal calf serum. GBA was free of 
endotoxin and protein and perhaps consisted of 
a complex slime polysaccharide. It stimulated 
mouse B lymphocyte proliferation in vitro, the 
production of immunoglobulins, and the release 
of colony-stimulating factor and interleukin 1 by 
macrophages (Shiigi et al., 1977; Usinger et al., 
1985). Purified exopolysaccharide from Capno- 
cytophaga cultures activated the human com- 
plement system in vitro (maximum effect at 
28 pg/ml plasma); this activation may be a 
factor leading to tissue destruction in periodontal 
lesions (Bolton and Dyer, 1986). A large (155- 
kDa), lectinlike protein was isolated from the 
outer membrane of Cp. gingivalis (Kagermeier 
and London, 1986). The lectin appears to be spe- 
cific for neuraminic acid, A-acetylgalactosamine, 
and A-acetylglucosamine, and it is probably 
responsible for coaggregation with other bacte- 
ria, like Actinomyces israelii, in the formation of 
dental plaque. Similar adhesins with specificities 
for rhamnose and fucose were found on Cp. 
ochracea (Weiss et al., 1987). A lactose-specific, 
lectinlike receptor was demonstrated on Cp. 
sputigena and Cp. gingivalis (Saito et al., 1988). 

Some members of the Cytophagales have been 
found to produce very interesting secondary 
metabolites. In a screening for antibiotic activi- 
ties, about 20% of the 270 tested strains showed 
inhibitory effects (Reichenbach et al., 1984). 
Several p-lactams were isolated from Flexibacter 
strains, including new monobactams with oli- 
gopeptide side chains (Cooper et al., 1983; Sing 
et al., 1983) and monobactams with formy- 
lamino- and glucuronic acid substituents, the for- 
macidins (Hida et al., 1985; Katayama et al., 
1985). Monobactams with a dehydroasparagine 
residue were obtained from Cy. johnsonae (Kato 
et al., 1987a, 1987b), and deacetoxy cepha- 
losporin C and 7-formylamidocephalosporins 
were obtained from a Flavobacterium (Shoji et 
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al., 1984; Singh et al., 1982, 1984). Cy. uliginosa 
(formerly Fv. uliginosum) contributed marinac- 
tan, a heteropolysaccharide with marked antitu- 
mor activity in mice (Umezwawa et al, 1983). 

Finally, there are some important medical and 
veterinary aspects of the Cytophagales: Flexi- 
bacteria are able to pass through membrane fil- 
ters of 0.1 -pm pore size used for sterilizing 
seawater; the contaminants could be eliminated 
only by pasteurization (Little et al., 1987). 
Immunological effects of cell components and 
products of diverse Cytophagales and resulting 
health problems have already been reviewed. A 
further example are the mitogenic and immuno- 
modulatory effects exerted by cell wall fractions 
from a Capnocytophaga strain which had been 
isolated from a patient with juvenile periodonti- 
tis; the effects were also given by fractions that 
were free of LPS and peptidoglycan (Murayama 
et al., 1982). It is not known to what extent or 
whether Capnocytophaga contributes to peri- 
odontal disorders. Cytopathogenic effects were 
observed for “Sphaerocytophaga'' (Graf, 1962b, 
1962c). These bacteria were present in large 
numbers in acute and chronic inflammations in 
the human oral cavity. In cell cultures (calf kid- 
ney cells), they caused cell lysis, and they 
destroyed human leukocytes in vitro. When 
inoculated subcutaneously into guinea pigs, they 
produced inflammations and ulcerations, but 
were not pathogenic for mice and rabbits when 
applied intraperitoneally and intravenously, 
respectively. It was found that neutrophils from 
patients with large Capnocytophaga populations 
in dental infections showed abnormal behavior 
and that such behavior could be induced in nor- 
mal neutrophils when they were exposed to 
sonic extracts of Capnocytophaga (Shurin et al., 
1979). Sonic extracts of Cp. sputigena showed 
moderate toxicity for human gingival fibrablasts 
as indicated by inhibition of cell proliferation 
and thymidine incorporation (Stevens and 
Hammond, 1988). Heat-killed Cp. gingivalis 
cells elicited strong endotoxin reactions in the 
Limulus and the Shwartzman test (e.g., Fuma- 
rola et al., 1981). As capnocytophagas are usu- 
ally found in large numbers in cases of severe 
destructive periodontitis, especially in juvenile 
periodontitis, and as they produce similar symp- 
toms when inoculated into healthy gnotobiotic 
rats, they may indeed not be completely harm- 
less, even if they are always present in the nor- 
mal buccal flora (Forlenza and Newman, 1983). 
Perhaps they also play a certain role in the “pig- 
gyback” transport of nonmotile bacteria into 
periodontal pockets. While the situation appears 
complex and somewhat controversial with peri- 
odontal pathogenicity, the case is clear when 
general infections occur (see also Hawkey et al.. 



1984). Newly described Cp. canimorsus and Cp. 
cynodegmi have been considered to be responsi- 
ble for septicemia and localized wound infec- 
tions in humans after dog bites; the organisms 
seem occasionally also to be transmitted by cats 
(Brenner et al., 1989). Capnocytophagas 
respond well to antibiotics, like various (3- 
lactams, quinolones, chloramphenicol, and 
tetracycline (see also Arlet et al., 1987). 

As already discussed in the section on “Habi- 
tats,” the fish-pathogenic CLB are showing a 
steadily increasing economic impact on fish cul- 
tivation and, to a lesser extent, also on wildlife, 
in fresh water as well as in seawater. Cy. colum- 
naris, Cy. psychrophila, Cy. maritima, and Fv. 
hranchiophilum appear to be the major patho- 
gens and have been reported worldwide, but 
other species are probably also involved (see 
also Amin et al., 1988; Farkas and Olah, 1984; 
Kuo et al., 1980, 1981; Kusuda and Kimura, 1982; 
Ostland et al., 1989; Spangenberg, 1975). The 
outbreaks of disease may follow a seasonal pat- 
tern (e.g., Kuo et al., 1981). This is easily under- 
standable, for the fish, as well as the pathogen, 
usually have well-defined temperature optima; 
thus, for example, Cy. columnaris is a typical 
warm-water, Cy. psychrophila a cold-water 
pathogen (e.g., Snieszko, 1974). Losses due to 
infections by CLB can be severe and sometimes 
approach 100% within a few days. Individual 
strains of the same species may differ substan- 
tially in their virulence. It seems that the patho- 
gens become a problem mainly when the fish are 
kept under suboptimal conditions. The bacteria 
are sensitive to certain antibiotics, e.g., chloram- 
phenicol, tetracyclines, and erythromycin, but 
better suited for practical application are chemo- 
therapeutics like nifurpirinol or Mefarol. As 
pointed out already, control of the disease may 
also be effected by vaccination or transfer of the 
fish to water with a higher or lower temperature 
or salinity, depending on the specific case. 
Numerous studies on the various aspects of fish 
diseases caused by CLB have been published in 
the last 40 years, and some references to specific 
topics are preconditioning by environmental fac- 
tors: Chen et al., 1982; Chowdhury and Wakaba- 
yashi, 1989a, 1989b; Hanson and Grizzle, 1985; 
Snieszko, 1974; experimental infection: Baxa et 
al., 1987b, Chowdury and Wakabayashi, 1989a; 
Kuo et al., 1987b; histopathology: Pacha and 
Ordal, 1967; and control measures: Amin et al., 
1988; Deufel, 1974; Liewes et al., 1982; Ostland 
et al., 1989; Snieszko, 1953, summarizes the older 
literature. 

Finally, it seems safe to predict that, beyond 
the examples given earlier, more diseases and 
disorders of aquatic animals other than fish will 
be discovered that are connected to CLB. 
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CHAPTER 6.8 

The Genus Saprospira 

HANS REICHENBACH 



Gram-negative gliding bacteria that form helical, multicellu- 
lar filaments are grouped in the genus Saprospira (Fig. 1). All 
known species live in aquatic environments. They are mod- 
erately common but relatively difficult to isolate and there- 
fore have not been studied very well, although some of them 
can be cultivated without problems. Relatively little has been 
added to our knowledge of Saprospira since the first edition 
of The Prokaryotes (Reichenbach and Dworkin, 1981). 

The genus Saprospira was defined by Gross (1911). He 
described two marine species, S. grandis and S. nana, of which 
only the former has since been isolated by other investiga- 
tors. The two organisms differed considerably in their dimen- 
sions, as shown in Table 1, which lists some characteristics of 
the known strains of the genus. 

It seems, however, that at least three other investigators 
had observed saprospiras before Gross. Kolkwitz (1909) 
described a freshwater saprospira under the name of Spir- 
ulina albida. He obviously believed his organism to be an 
apochlorotic blue-green “alga” (cyanobacterium). 

In 1875, van Tieghem (1880) observed a delicate white 
scum that resembled Beggiatoa covering the mud in the 
water course of an old mill. Under the microscope, he dis- 
covered that the organism consisted of long, fine, helical fil- 
aments that were so tightly wound up that the coils touched. 
The helices moved by rotation around their long axis. The 
long filaments were also actively bending. He called this 
organism Spirulina alba, thereby deliberately emphasizing its 
close affinity to the blue-green algae of the same genus. 
Although his description is rather scant, it seems almost cer- 
tain that he was dealing with a Saprospira species. 

In the same year. Warming (1875) observed a very large 
helical organism in marine debris from the Danish coast and 
named it Spirochaeta gigantea. From his careful description, 
one can deduce that this organism, too, may have been a 
Saprospira species. 

Not much was published in the five decades following the 
definition of the genus. In addition, until the middle of the 
20th century, Saprospira was regularly regarded as belonging 
to the spirochetes, which caused considerable confusion. 
Gross (1912) himself stressed the similarity between Cris- 
tispira, which was also first defined by him, and Saprospira. 
To him and most other investigators at the time, the latter 
was essentially a spirochete without a crista or an axial fila- 
ment. Unfortunately, in stained preparations, both organisms 
also showed a multichambered aspect, which was in fact a 
staining artifact but obscured the difference in organization 
of the two bacteria. Dobell (1912) described a new freshwa- 
ter species, Saprospira flexuosa. From the careful description 



This chapter was taken unchanged from the second edition. 



given by Dobell, one may deduce that his organism really 
was a Saprospira, perhaps S. albida as suggested by Lewin 
(1962), although this point cannot be decided because we do 
not know how many different freshwater saprospiras exist. 
During a study on helical bacteria in the digestive tract of 
oysters, Dimitroff (1926) observed several types of organisms 
which he regarded as saprospiras. One he identified with S. 
grandis, the others he described as new species, S. lepta and 
S. puncta. His account of the movements of his isolate of S. 
grandis leaves considerable doubt whether the bacterium 
was really Saprospira. On the other hand, he observed true 
cristispiras under the microscope and distinguished their very 
fast movements quite clearly from those of Saprospira. If one 
takes into account the fact that before the days of the phase 
contrast microscope, it was not so easy to observe living 
bacteria, it is easier to understand this uncertainty. It might 
be worthwhile to investigate again for the presence of sapros- 
piras in shellfish. The two new species could never be 
observed by Dimitroff in the living state so their motility 
behavior is not known. They both had long, tapering ends 
with a sharp point, which is not known for any Saprospira 
species. The giant, gliding “spirochete” observed by Soriano 
in an enrichment culture and very briefly mentioned by 
him in the legend to a rather suggestive drawing (Soriano, 
1945), was probably a (freshwater) saprospira. Dyar (1947) 
described the isolation and cultivation of a freshwater “spi- 
rochete.” This organism resembled Saprospira in many 
respects and indeed was later identified with S. albida by 
Pringsheim (1963). Skuja (1948) described the new species, 
Achroonema spiroideum, from Swedish lakes. The organism 
was later equated with S. albida (Lewin, 1962), but the very 
lax coils typical for Achroonema spiroideum leave some 
doubts whether this assignment is correct. 

Many details about the morphology and physiology of the 
saprospiras were elucidated between 1960 and 1970 through 
the research of Lewin and his collaborators, who also defined 
several new species and emended the taxonomic position of 
the genus (Lewin, 1962, 1965a, 1965b, 1969, 1972; Lewin and 
Lounsbery, 1969; Lewin and Mandel, 1970). The phylogenetic 
relationship of Saprospira grandis was recently established 
by 16S rRNA oligonucleotide cataloging; The organism 
belongs to the Bacteroides-Flavobacterium-Cytophaga 
phylum (Paster et al., 1985). A relationship with the cyano- 
bacterium Spirulina has specifically been ruled out 
(Reichenbach et al., 1986). 

A short review of the genus Saprospira has recently 
been published (Reichenbach, 1989). A movie showing the 
movements and the development of the swarm colonies of 
Saprospira is also available (Reichenbach et al., 1975/1976; 
Reichenbach, 1980). 
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Fig. 1. Phase contrast photomicrographs of Saprospira grandis. (a) Helical filaments from a 1 -day-old liquid culture, survey 
picture; xl80. (b) Filaments at higher magnification; x500. (c) Decaying filament showing the individual cells; x900. (d) 
Growing in the narrow space between agar and cover glass in a chamber culture, the filaments have lost most of their helical 
shape and concomitantly their ability to glide; x920. (Lower left) Nonhelical filaments in a chamber culture with large, 
optically refractile, terminal bulbs; x470. (Lower center and lower right) At very high magnification (xlOOO and x 1200; Zeiss 
Axiomat) the cross-walls in the filaments are visible. The lower filament shows a constriction near one end, perhaps one 
possible way of filament fragmentation. 



Habitats 



The saprospiras appear to live exclusively in 
aquatic environments. S. grandis and other 
marine species have been isolated from sand and 
mud and collected at the sea coast at many dif- 
ferent locations all over the world (Gross, 1911; 
Lewin and Lounsbery, 1969; Lewin and Mandel, 
1970). One strain of S. grandis has been obtained 
from a rotting crab carapace (Reichenbach, 
1980). As discussed above, several species may 
possibly be found within oysters (Dimitroff, 
1926). Saprospiras are common also in fresh 
water (Lewin, 1965b). They seem to prefer 
eutrophic conditions and are often associated 
with algae. Saprospiras have been obtained from 
the mud in rivers and lakes (Kolkwitz, 1909; 
Pringsheim, 1963), from planktonic algae and 



cyanobacteria, as well as from the upper layers 
of surface waters, in which the filaments may be 
free-floating (Dobell, 1912; Skuja, 1948; Brunei, 
1949; Ashton and Robarts, 1987), from decaying 
organic matter in a sulfur spring (Dyar, 1947), 
from a bog (Jarosch, 1967), and from sewage 
plants, including activated sludge (Kolkwitz, 
1909; Cyrus and Sladka, 1970; Sladka and 
Ottova, 1973). S. thermalis was first isolated from 
a hot spring in Iceland, but the organism is not 
thermophilic and in fact not even thermotoler- 
ant, for its maximum temperature is 35-37°C 
(Lewin, 1965a). Only one strain of S. albida was 
ever isolated from soil. The sample came from 
Canada, but unfortunately nothing was said 
about the water conditions of that soil (Lewin, 
1965b). 

Interesting details about the interaction of 
a saprospira species with the cyanobacterium 
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Table 1. Characteristics of the Saprospira strains. 



Strain 


Length of 
filament 


Morphological characteristic (pm)'' 

Diameter of Width of Pitch of 
filament helix helix 


Length of 
cell 


GC content 
(mol%) 


Habitat 


S. grandis, Gross 1911 


6-100 


0.8 




6-6.5 


1. 5-2.2 




Marine 


S. grandis, Lewin 1962 


10-500 


0.8-1.2 


1.5-2 


4-10 


1-2.5 


46-48 


Marine 


S. grandis, Dimitroff 1926’’ 


50-90 


1.2-1.4® 




20-28 






Oyster, marine 


S. grandis, Reichenbach 1980 


15-450 


0.8-0.9 


1.4-1.8 


5-6.5 


2.7-5.5 


47 


Marine 


S. nana. Gross 1911 


36 


0.5 




2.3-3 


1.5-3 




Marine 


S. gigantea. Warming 1875 


About 400 


1.5-3 


5-9 


25-40 






Marine 


S. toviformis, Lewin and 


10-500 


0.8 


1.5 


4-9 


1-2.5 


38 


Marine 


Mandel 1970 
















S. lepta, Dimitroff 1926’’,'’ 


54-92 


0.5 


1.6-4.8 


5-13 






Oyster, marine 


S. puncta, Dimitroff 1926’’,'’ 


60-100 


0.9-1.2 




4-8 






Oyster, marine 


S. albida, Kolkwitz 1909 




1 


4-5 








Fresh water 


S. albida, Dyar 1947 


About 400 




2 


3-6.5 






Fresh water 


S. albida, Lewin 1965b 


10-500 


0.8-1.2 


1.5-2 


3-7 


2-3 


40-43 


Fresh water 


S. albida, Ashton and 


10-450 


0.8-0.9 


1.4-1.6 


2.9-4.9 


2.1-2.7 




Fresh water 


Roberts 1987 
















S. flexuosa, Dobell 1912® 


3-50 


0.8 


2 


3 






Fresh water 


S. spiroidea, Skuja 1948’ 


10-250 


0.3-0.5 


2.8-5.7 


9-25 


3-15 




Fresh water 


S. flammula, Lewin 1965b 


10-500 


1.0 


1.5 


3-4 


2-3 


48 


Fresh water 


S. thermalis, Lewin 1965a 


10-500 


1.0 


1. 5-2.5 


7-17 


2-5 


35-37 


Fresh water 



In the older literature, measurements were often taken from fixed and stained specimens which may have been considerably 
distorted. 

From the description by Dimitroff it cannot be decided with confidence whether his organisms were true saprospiras. 

It is not clear whether Dimitroff was talking about the width of the filament or the width of the helix. 

With tapering ends. 

Probably actually S. albida. 

Achroonema spiroideum was equated with S. albida, but it forms a very lax helix, and, in this respect, it resembles S. thermalis 
more closely than S. albida. 



Microcystis aeruginosa in a South African reser- 
voir have been published (Ashton and Robarts, 
1987). Usually Saprospira is found in the surface 
layers of the lake at a very low density of less 
than 10 filaments per liter, but during Microcystis 
blooms, its density increases to more than 10,000 
filaments per liter, and the saprospiras colonize 
and lyse the fioating colonies of the cyanobacte- 
rium. Curiously, the Saprospira seems selectively 
to attack a toxic variant of M. aeruginosa, which 
is dominant at the site for most of the year. It has 
been suggested that saprospiras could be useful 
to control this undesired organism. 

Isolation 

No specific enrichment methods are known for 
saprospiras. Gross (1911) described a collection 
technique that makes use of the tendency of 
Saprospira to attach itself to a substrate surface. 
He filled a large petri dish with a sample of 
marine sand, covered it with sea water, placed 
coverslips on the water surface, and left them 
floating overnight. Most of the saprospiras stuck 
to the glass surface and could be removed from 
the crude culture. 

To isolate saprospiras, samples are taken from 
appropriate habitats (see above) and placed as 



well-separated streaks or spots onto the surface 
of dry agar plates. To prevent excessive growth 
of contaminants, the media should contain nutri- 
ents in low concentrations only. For marine 
samples, MSI, SW2, or SP6 agar can be used. It 
appears that for saprospiras, natural and artificial 
seawater are equivalent, so that the following 
media could be prepared with either one. 

MSI Agar 

Agar 1.5% 

Natural seawater 

The pH is not adjusted. The medium is autoclaved. 

SW2 Agar 

Agar 1.5% 

NH4CI 0.1% 

Na acetate 0.002% 

Artificial seawater (see below) 

The pH is adjusted to 7.2. The medium is autoclaved. 

Artificial Seawater (Dawson et al., 1972) 

The following recipe has been used by us with good 
results: NaCl, 24.7 g; KCl, 0.7 g; MgS04 • 7H2O, 6.3 g; 
MgCfi • 6H2O, 4.6 g; CaCfi (anhydrous), 1.0 g; NaHCOs, 
0.2 g. Bring to 1 liter with water. To avoid precipitation, 
CaCfi and NaHC03 are autoclaved as separate stock 
solutions. 
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SP6 Agar 

Casitone (Difco) 0.03% 

Yeast extract (Difco) 0.01% 

Agar 1.5% 

Artificial seawater (see above) 

The pH is adjusted to 7.2. The medium is autoclaved. 

The freshwater saprospiras are often more fas- 
tidious, and most investigators were only able to 
maintain their isolates for longer periods in 
mixed cultures, e.g., in fouling soil suspensions 
such as soil enriched with proteinaceous material 
in water (Pringsheim, 1963). Repeatedly, it has 
been found that small quantities of H 2 S are stim- 
ulatory, although the organisms do not really 
depend on it (Dobell, 1912; Dyar, 1947). Perhaps 
the good results with Pringsheim’s technique 
were also due to the production of H 2 S from the 
added protein. Dyar (1947) seems to have been 
the first to succeed in isolating and cultivating a 
strain of S. albida. She used a leaf-infusion agar 
with a few drops of blood for isolation. 

Several freshwater saprospiras were isolated 
by Lewin using LEWI agar (Lewin 1965a, 1965b). 



LEWI Agar (Lewin, 


1965b) 


Ca(N03)2 • 4 H 2 O 


0.05% 


MgS04 • 7 H 2 O 


0 . 01 % 


K 2 HPO 4 


0 . 01 % 


Tryptone (Difco) 


0 . 01 % 


Agar 


1 % 



Yeast extract (Difco) can also be used in place of 
tryptone. 

The crude cultures are incubated at 30°C, at 
room temperature, or in the refrigerator, 
depending on the starting material. For freshwa- 
ter strains, 23-27°C is recommended (Lewin, 
1965a). Although marine S. grandis has a tem- 
perature optimum around 30°C, it is useful to 
keep crude and enrichment cultures at 6°C, since 
the organism still grows and spreads reasonably 
well at that temperature, while the growth 
of contaminants is considerably reduced (H. 
Reichenbach, unpublished observations). The 



crude cultures are examined from time to time 
under a dissecting microscope. Oblique illumina- 
tion should be applied to make delicate, spread- 
ing colonies also visible. Already after 3 to 4 days 
or, at lower temperatures, after a longer interval 
of up to 2 to 3 weeks, spreading colonies with 
long, rootlike tongues (Fig. 2) or with irregular, 
fiamelike edges may be found. This is the typical 
appearance of colonies of gliding bacteria. 
Saprospira colonies often also show a very regu- 
lar striped pattern (Dyar, 1947; Reichenbach 
et al., 1975/76; Reichenbach, 1980), which is seen 
with other screw-shaped bacteria, e.g., Meth- 
anospirillum hungatii (Ferry et al., 1974). A 
microscopic control should show the typical 
Saprospira filaments (Fig. 1) and their character- 
istic movements (Reichenbach et al., 1975/76). 
Further purification is achieved by making trans- 
fers from the spreading edges of the swarm col- 
onies; it is best to cut out a piece of the colony 
using the sharp point of a 1-ml disposable 
syringe. The material is streaked on the same 
medium as before or, as soon as the colonies 
appear sufficiently pure, also on a richer 
medium, e.g., SAP2 agar for marine and LEW2 
and LEW3 agar for freshwater strains. 

SAP2 Agar 



Tryptone (Difco) 


0 . 1 % 


Yeast extract (Difco) 


0 . 1 % 


Agar 


1.5% 


Artificial seawater (see 


above) 



The pH is adjusted to 7.2. The medium is autoclaved. 

LEW2 and LEW3 Agar (Lewin, 1965a) 

I The recipe is the same as for LEWI agar, but the tryptone 
concentration is raised to 0.03% and 0.3%, respectively. 

Finally, diluted filament suspensions may be 
plated on the richer versions of the above- 
mentioned media. The most troublesome con- 
taminants are other gliding bacteria and, in 
marine samples, agar decomposers. Both groups 
should be eliminated at the very beginning of the 
enrichment process. 




Fig. 2. Colonial morphology of Saprospira grandis. (Left) Colony on peptone-seawater agar together with two colonies of a 
nongliding organism. The Saprospira colony is rather tough and remains relatively compact; it spreads mainly along the 
grooves scratched into the agar surface by the inoculation loop. Leitz Aristophot; x7.2. (Middle) Compact colonies on SP2 
agar, in dark field; x33. (Right) Colonies under oblique illumination; x33. In both cases, the appearance of the colonies 
suggests some orderly arrangement of the filaments; in bright field, a pattern of fine, parallel, concentric stripes can be seen; 
Zeiss Axiomat. 
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Cultivation 

All Saprospira strains that have been studied 
so far are strictly aerobic organotrophs and seem 
to prefer amino acids as carbon, nitrogen, and 
energy sources, often without an alternative. 
Many marine strains grow well on relatively sim- 
ple media, such as SAPl or SAP2 agar. 

SAPl Agar (Lewin, 1962) 



Tryptone (Difco) 


0.5% 


Yeast extract (Difco) 


0.5% 


Agar 


1.5% 


Artificial seawater (see 


above) 



The pH is adjusted to 7.2. The medium is autoclaved. 

The marine saprospiras can be cultivated with- 
out difficulties and with good yields in liquid 
media, such as SP5 liquid medium or SAPl 
liquid medium (as for SAPl agar, but without 
agar). They usually form homogeneous suspen- 
sions in shake cultures. 

SP5 Liquid Medium 

Casitone (Difco) 0.9% 

Yeast extract (Difco) 0.1% 

Artificial seawater (see above) 

The pH is adjusted to 7.2. The medium is autoclaved. 

An almost fully defined medium is reported 
for S. grandis (Lewin, 1972). It is composed of 
nine essential amino acids, mineral salts, and an 
unknown growth factor present in yeast nucleic 
acid hydrolysate. The marine saprospiras almost 
always require at least half-strength sea water, 
but S. toviformis and a few S. grandis strains also 
grow at freshwater salt concentrations (Lewin 
and Lounsbery, 1969). 

Among the freshwater saprospiras, S. therma- 
lis is the least fastidious one and can be grown 
on relatively simple media, e.g., LEWS agar (see 
above), and in LEW4 liquid medium. A synthetic 
medium also has been developed (Lewin, 
1965a). 

LEW4 Liquid Medium (Lewin, 1965a) 



Casamino acids (Difco) 


0.1% 


Sodium glutamate 


0.1% 


Glucose (sterilized separately) 


0.1% 


Tris (hydroxymethyl) aminomethane 


0.1% 


MgS 04 • 7H2O 


0.01% 


KNO3 


0.01% 


CaCfi • 2 H 2 O 


0.01% 


Sodium glycerophosphate 


0.01% 


Thiamine 


1 mg/liter 


Cobalamine 


1 pg/liter 


Fe 


0.5 mg/liter 


Zn 


0.3 mg/liter 


B, Co, Cu, Mn, Mo each 


0.1 mg/liter 



The pH is adjusted to 7.5. The medium is autoclaved. 



Good growth was also obtained in a medium 
containing the mineral salts (and glycerophos- 
phate) of LEW4 liquid medium plus tryptone 
(Difco) 0.02% and glucose 0.02%. If the tryp- 
tone is replaced by casamino acids, the addition 
of the vitamins became necessary (as in LEW4 
liquid medium). The casamino acids in turn can 
be replaced by 0.2% sodium glutamate and three 
essential amino acids, i.e., leucine (50 mg/liter), 
isoleucine (50 mg/1), and valine (100 mg/liter). 
Growth was substantially faster when tyrosine 
(100 mg/liter) or phenylalanine (250 mg/liter) 
was also added. 

The freshwater saprospiras of the S. alhida 
type are more difficult to cultivate. Dyar (1947) 
could grow pure cultures on blood agar contain- 
ing 5-10% erythrocytes and 1-1.5% agar. The 
organism did not grow if blood serum or heat- 
sterilized blood was used, which seems to indi- 
cate that it required either a heat-labile growth 
factor or enzyme in erythrocytes. Lewin (1965b) 
recommended a semisolid medium, LEW5 agar. 



for those strains, but even then 
slowly. 


they grow rather 


LEW5 Agar (Lewin, 1965b) 




Tryptone (Difco) 


0.1% 


Yeast extract (Difco) 


0.1% 


Gelatin (Difco) 


0.1% 


Glucose (sterilized separately) 


0.1% 


Tris buffer 


0.1% 


MgS 04 • 7H2O 


0.1% 


KNO3 


0.1% 


CaCfi • 2 H 2 O 


0.1% 


NaCl 


0.1% 


Sodium glycerophosphate 


0.01% 


Fe 


0.5 mg/liter 


Zn 


0.3 mg/liter 


B, Co, Cu, Mn, Mo 


0.1 mg/liter each 


Agar 


0.25% 


The pH is adjusted to 7.5. The medium is autoclaved. 


Unlike the other freshwater saprospiras, S. 
flammula is stimulated by 0.3% NaCl. It does not 
grow on casamino acids alone, but can be culti- 
vated on a medium containing 0.5% tryptone, 
0.3% NaCl and 0.25% agar (Lewin, 1965b). 



Most saprospiras grow well at 30°C. Many 
strains even grow at 40°C (Lewin and Lounsbery, 

1969) . The temperature optimum is near 25°C 
for (marine) S. toviformis (Lewin and Mandel, 

1970) , 26°C for (freshwater) S. albida (the range 
is still 15-34°C; Dyar, 1947), and about 37°C for 
(marine) S. grandis (Lewin, 1962). S. grandis sur- 
vives 46°C for 30 min (Lewin, 1972). This high 
temperature optimum of S. grandis is somewhat 
surprising, for the organism usually is found in a 
relatively cold environment. Thus, strain Sa gl 
was isolated at Roscoff, Brittany, where the 
Atlantic Ocean rarely reaches 17-18°C and is 
much colder most of the year. This strain also 
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grows rather well at 6°C and thus has a very wide 
temperature range. 

The optimal pH is around neutral, and the 
range in which growth is possible is 6.5 to 7.5 and 
occasionally slightly beyond. The doubling time 
of S. grandis is 2 to 3 h at 30°C in SAPl liquid 
medium (Lewin, 1962, 1972), and that of S. ther- 
malis is 6 to 7 h at 30°C (Lewin, 1965a). A yield 
of about 250 mg dry cell mass per liter has been 
found with S. thermalis (Lewin, 1965a). With S. 
grandis in SP5 liquid medium at 30°, after 24 h 
of cultivation we obtained 12.5 g bacteria per 
liter by wet weight, corresponding to 2.5 to 3 g 
dry weight. Aasen and Liaaen- Jensen (1966a) 
harvested 400 g wet cells, giving 51.5 g freeze- 
dried bacteria, from 200 liters of culture broth 
after 20 h at 30°C. 



Preservation 

Cultures of S. grandis strain Sa gl on SAP2 agar 
remain viable for 2 to 3 weeks at room temper- 
ature (21°C). Lysis within 3 days at 30°C and 
within a few weeks at 25°C, on all tested liquid 
and agar media, has been reported for other 
strains (Lewin, 1962). Dyar (1947) found that 
her S. alhida survived on blood agar for about 
one month but died after a short time in the 
refrigerator. 

Filaments of S. grandis strain Sa gl can be 
suspended in SP5 liquid medium and frozen at 
-80° C or in liquid nitrogen without any further 
precautions. We were able to revive both cultures 
without difficulty after 2.5 years, the longest 
period tested so far. They will certainly survive 
for a much longer time. We had no success with 
drying in skim milk (H. Reichenbach, unpub- 
lished observations). 

Sanfilippo and Lewin (1970) tested several 
freezing techniques with 27 strains of five 
Saprospira species. The longest survival times 
they found for cultures frozen at -22°C was 2 to 
3 weeks (only marine species). In media contain- 
ing 10% glycerol, all marine strains survived in 
liquid nitrogen for 1 year, the longest period 
tested. Of the freshwater species, only some 
strains of S. thermalis could be preserved in this 
way. Dimethyl sulfoxide (DMSO, 10%) proved 
toxic for all saprospiras: all strains were killed 
within 24 h at room temperature. 

Characterization 

The saprospiras form helical, multicellular, 
unbranched filaments (see Fig. 1) that move by 
gliding when in contact with a substrate surface. 
The length of the filaments is not fixed and varies 
considerably, even within one culture. The fila- 



ments tend to be longer in liquid media than on 
agar plates. S. grandis strain Sa gl, e.g., measures 
15-130 pm when grown on a plate and 20-450 
pm when grown in a liquid medium of the same 
composition. Similar figures have been reported 
for other strains and species (see Table 1). The 
diameter of the filaments is relatively constant 
and usually around 1 pm. 

The filaments are composed of cylindrical cells 
that are 1-5 pm long and closely attached to one 
another. No constrictions are visible at the sur- 
face of the filaments at the sites of the septa. The 
cells at the ends of the filaments are rounded, but 
otherwise do not seem different from the rest. 
(As mentioned above, two dubious species with 
pointed filaments have been described from oys- 
ters; Dimitroff, 1926.) The length of the cells 
within one filament is variable, which suggests 
that the cells divide along the whole filament and 
independently from one another. With a good 
microscope and applying phase or interference 
contrast, the cross-walls can be seen in the living 
filament. Also, dark-field microscopy shows the 
septa clearly (Dyar, 1947; Jarosch, 1967). The cell 
boundaries become more apparent when the fil- 
aments begin to disintegrate (see Fig. Ic). Drying 
of the filaments to the slide may be sufficient to 
induce fragmentation (Dyar, 1947). Further, the 
multicellular nature of the screws can be seen 
after staining, e.g., with an I-KI solution (Skuja, 
1948) or with Heidenhain’s hematoxylin (Gross, 
1911). Other staining methods often used in 
the older literature, e.g., with safranine, borax 
carmine, or methylene blue, also produced 
chambered filaments in Saprospira, but this may 
sometimes have been an artifact due to shrink- 
age of the protoplast, for true spirochetes also 
showed such a chambered appearance (Dobell, 
1912; Dimitroff, 1926). Another identified arti- 
fact was an “axial filament” in heavily stained 
mounts of S. albida (Dyar, 1947). Of course, the 
septa are easily recognizable in thin sections 
under the electron microscope (Lewin, 1962). 
Also, in the election microscope, a typical Gram- 
negative cell wall with a thin peptidoglycan layer 
and an outer membrane can be seen. As usual, 
the septa consist only of the two cytoplasmic 
membranes and the peptidoglycan layer. The fil- 
aments multiply by breaking in two, apparently 
sometimes at the sites of necridia, i.e., dead cells 
(Gross, 1911; see also The Genus Herpetosiphon 
in this Volume). It seems that reproduction by 
simultaneous fragmentation into many short, 
one- or few-celled pieces can also take place 
(Gross, 1911, 1912; Dobell, 1912; Lewin, 1962, 
1965b). The short pieces move only very slowly 
if at all, but with growing length their movements 
speed up again (Dobell, 1912; Skuja, 1948). 

The helix of Saprospira usually is relatively 
loose (Fig. 1). Its pitch is 3-10 pm, and its width 
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is 1. 5-2.5 |im. Some species show especially lax 
helices, e.g., S. thermalis and S. (Achroonema) 
spiroideum. But pitch and width are not constant 
features of a strain and can vary somewhat even 
within one culture. With the freshwater species, 
the helices appear usually to be coiled sinistrally 
(Lewin, 1965b), while the marine strains are 
coiled dextrally (Lewin and Mandel, 1970). The 
screw shape of the filaments may completely dis- 
appear during cultivation, in which case the 
organism would be difficult to recognize as a 
Saprospira (Dyar, 1947; Lewin, 1965b). Thus, the 
very long filaments seen in liquid cultures gener- 
ally form only rudimentary and irregular helices. 
Also after improper fixation (e.g., with picric 
acid) the filaments tend to straighten out (Gross, 
1911). In chamber cultures when restricted to the 
narrow space between the agar surface and the 
cover glass, S. grandis grows in the shape of very 
long, meandering filaments that are completely 
straight and, interestingly, also nonmotile (Fig. 
Id; Reichenbach et al., 1975/1976; Reichenbach, 
1980). 

In such chamber cultures of S. grandis, fila- 
ments can sometimes be seen with the end cells 
inflated into spherical, optically retractile bulbs 
of 1.4-3 pm diameter (Fig. 2; Reichenbach, 
1980). Those bulbs are probably a degeneration 
phenomenon but should not be confused with 
the spheroplasts that are found in old cultures 
all along the filament (Dyar, 1947) or can be 
produced by adding a 5 to 10% NaCl solution 
(“blisters”; Dobell, 1912). Filaments of S. grandis 
from liquid cultures appear to be very sensitive 
to changes in environmental conditions. Simply 
mounting them on a slide is sufficient to induce 
a decay of the filament and the formation of 
spherical protrusions at the surface of the cells 
(Fig. Ic). 

Inside the cells of S. alhida many highly refrac- 
tive granules can be seen, sometimes extending 
from one side of the cell to the other (Dobell, 
1912; Dyar, 1947). Dyar distinguishes two types: 
1) volutin granules, i.e., polyphosphate, which 
show metachromatic staining with methylene 
blue and dissolve in (hot) water or in 0.02% 
NaHCOa solution, and 2) lipid globules, which 
stain with Sudan black B. The latter could well 
consist of poly-p-hydroxybutyrate. The inclu- 
sions are also seen under the electron micro- 
scope (Dyar, 1947). They appear to be relatively 
rare in S. grandis (Lewin, 1962; Lewin and 
Kiethe, 1965). 

Gross (1911) mentioned that, in aging cultures 
of S. grandis, series of cells with increased 
stainability could occasionally be seen within 
filaments. Such cells later became spherical and 
surrounded themselves with a heavy wall. He 
suggested that those cells were spores, although 
he could not observe any further development. 
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This observation has not yet been corroborated 
by other investigators. 

A DNA phage of S. grandis with an icosahe- 
dral head, a contractile tail sheath, and rigid tail 
spines has been isolated and characterized 
(Lewin et al., 1964). Peculiar rod-shaped parti- 
cles with long, wicklike tails, found in lysing 
cultures of S. grandis (Lewin, 1963; Lewin and 
Kiethe, 1965; Reichle and Lewin, 1968) and of 
the freshwater species S. alhida and S. flammula 
(Lewin, 1965b), have been described as “rhapsi- 
dosomes.” The preparations showed no infectiv- 
ity whatsoever. Initially it was thought that the 
particles consisted of a ribonucleoprotein con- 
taining a highly 2'-0-methylated RNA (Correll 
and Lewin, 1964; Correll, 1968). This, however, 
turned out to be an analytical error, for the par- 
ticles are composed exclusively of protein (Delk 
and Dekker, 1969, 1972; Price and Rottman, 
1970). Very similar particles were later found 
in a myxobacterium and identified as the tails 
of a defective phage (Reichenbach, 1967). The 
Saprospira particles very probably have the same 
origin (Delk and Dekker, 1972). In fact, defec- 
tive phage tails are rather common in bacteria, 
and many examples are known today. Unfortu- 
nately, the term rhapidosome was later also used 
for rod-shaped particles of a totally different 
morphology and nature, leading to unnecessary 
confusion (e.g., Pate et al., 1967; Yamamoto, 
1967; Baechler and Berk, 1972). 

In autolysed cultures of S. thermalis, but not of 
any other Saprospira, cell-wall fragments with a 
periodic hexagonal substructure are seen under 
the electron microscope, obviously remnants of 
a surface layer (Lewin, 1965b). 

The helical filaments of Saprospira move by 
gliding when in contact with a suitable substrate 
surface, e.g., an agar or glass surface. The speed 
of S. grandis at room temperature (25°C) is 50- 
120 pm/min, and the movement is thus very obvi- 
ous (Lewin, 1962). A speed of 120-180 pm/min 
has been determined for S. thermalis (Lewin, 
1965b), one of 600 pm/min for S. spiroidea 
(Skuja, 1948), and one of only 14 pm/min for S. 
flexuosa (Dobell, 1912). The gliding screws rotate 
around their long axis and are also able to bend 
actively. Bending is particularly conspicuous 
when the filaments are suspended in a liquid. The 
helices move equally well in both directions and 
may quickly and frequently reverse the sense of 
their movement. As already mentioned, loss of 
the helical arrangement of the cells leads to a loss 
of translocation. The locomotory machinery 
still seems to be operative, however, since tiny 
particles stuck to the surface of the filaments 
can be seen to migrate back and forth over a 
limited distance, presumably the length of a cell 
(Reichenbach et al., 1975/1976). Obviously, the 
proper spatial arrangement of the cells in the 
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helix is a prerequisite for their efficient coopera- 
tion during movement (Reichenbach, 1980). As 
with all other gliding bacteria, the mechanism of 
locomotion is not understood in Saprospira. A 
movement of Indian ink particles on a helical 
path along the surface of filaments of S. albida 
has been explained by the movement of a helical 
slime belt that could also be responsible for the 
translocation of the filaments (Jarosch, 1967), but 
what moves the slime is still an open question. A 
sticky surface is, no doubt, essential for gliding 
motility, and the surface of Saprospira is indeed 
very sticky (Gross, 1911). Slimy material has 
been isolated from viscous, nonlysing liquid cul- 
tures of S. thermalis (27 mg/liter), and various 
sugars have been provisionally identified in the 
hydrolysate (glucose, xylose, rhamnose, traces of 
galactose and mannose; Lewin, 1965a). 

The colonies of S. grandis on rich agar media 
are compact with entire edges and of a rather 
tough consistency (Fig. 2). On dilute media, how- 
ever, the colonies spread, albeit often slowly and 



to a much lesser extent than that sun with the 
swarms of many other gliding bacteria. Long, 
unbranched, rhizoidal tongues may radiate from 
the edges of those colonies (Fig. 2). In other 
cases, the swarms are thin and filmlike (e.g., S. 
grandis on SP6 agar). The spreading colonies 
and, less so, also the compact ones show a sur- 
prising and very regular pattern of narrow stripes 
(Fig. 3). The striations are particularly impressive 
under dark-field illumination. As already men- 
tioned, the phenomenon was first described for 
Saprospira by Dyar (1947) and is also known for 
other, unrelated, helical bacteria. It may be 
explained by an exact alignment of the screws 
(Fig. 3d). The optical pattern seems to arise from 
differences in light scattering in the rising and 
falling gyres of the helices, perhaps in combina- 
tion with an interference effect. Colonies of S. 
grandis Sa gl show a periodicity of the stripes 
of 7.6 to 8.6 pm, while the pitch of the helices 
in suspension is 4.9 to 6.5 pm. Apparently, the 
helices are slightly distorted on the plate. 




Fig. 3. Striated colonies of Saprospira grandis. (a) Colony spreading along grooves in the agar surface; the stripes run almost 
perpendicular to the direction of the spreading movement; Zeiss Standard Microscope, with oblique illumination; x60. (b) 
Surface of a colony under oblique illumination; the filaments are just recognizable as a very delicate striation perpendicular 
to the stripes; Zeiss Axiomat; xl20. (c) Under dark-field illumination, the pattern of stripes becomes even more distinct; 
Zeiss Axiomat; xl20. (d) At high magnification it can be seen that in the striated areas the filaments lie strictly parallel, with 
the screws “in phase”; Zeiss Axiomat; x580. 
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Relatively little is known about the chemical 
composition of Saprospira. The respiratory chain 
contains menaquinone MK-7 exclusively (M. D. 
Collins, personal communication). While initial 
studies seemed to indicate an o-type cytochrome 
as the terminal oxidase (Webster and Hackett, 
1966), it was later found that S. grandis has four 
functional cytochromes, one of which has an 
unusual maximum at 603 nm (77°K) in the dif- 
ference spectrum, and that an a,a 3 ~type cyto- 
chrome is most probably the oxidase (Dietrich 
and Biggins, 1971). NADH-oxidation by Sapros- 
pira particles is insensitive to antimycin A, roten- 
one, and amytal, but it is inhibited by cyanide 
and HOQNO. 

The GC content of the DNA of the various 
species is 35-48 mol% (see Table 1). 

The saprospiras are colored in shades of yel- 
low, orange, pink, and red. The pigments are cell- 
bound. Initial studies provided a preliminary 
characterization of the pigment patterns by 
thin-layer chromatography and of the pigment 
type by absorption spectra of chromatographic 
fractions (Fox and Lewin, 1963; Lewin and 
Lounsbery, 1969). It soon became apparent that 
the pigments were probably carotenoids, but so 
far only one, the new xanthophyll saproxanthin 
(a modified 3,l'-dihydroxy-y-carotene) from S. 
grandis, has been chemically characterized 
(Aasen and Liaaen- Jensen, 1966a). The pigment 
content was 0.02% of the freeze-dried cells. 
From S. thermalis, a single carotenoid, appar- 
ently a keto-carotenoid, was obtained, but 
because of very low yields (0.002% of the dry 
weight) its chemical structure could not be deter- 
mined (Aasen and Liaaen- Jensen, 1966b). The 
early investigators described S. albida as com- 
pletely unpigmented (however, they may have 
thought mainly of chlorophylls), but when a suf- 
ficiently high cell density is obtained, the organ- 
ism shows a pale yellow tint (Fox and Lewin, 
1963). Carotenoid synthesis by S. thermalis is 
stimulated by light, by suboptimal concentra- 
tions of cobalamine or tyrosine, and by subin- 
hibitory concentrations of thiamine or sodium 
thiosulfate (Lewin, 1965a). 

As already mentioned, S. grandis depends 
entirely on amino acids for growth (Lewin, 
1972). It can be cultivated on various peptones, 
such as tryptone, casitone, phytone, or yeast 
extract. It can also be grown on casamino acids, 
but only if the medium is supplemented with 
tryptophan, asparagine, and a small quantity of 
yeast nucleic acid hydrolyzate (the growth factor 
supplied by the latter could not be identified). In 
that case, the casamino acids could be replaced 
by a mixture of essential amino acids, i.e., 
arginine, histidine, isoleucine, leucine, valine, 
methionine, phenylalanine, threonine, and per- 
haps lysine. Curiously, asparagine cannot be sub- 



stituted by aspartate or glutamine. In nature, S. 
grandis may provide itself with the required 
amino acids by the degradation of proteinaceous 
matter. Gelatin liquefaction, the clotting and 
digestion of milk casein, and the decomposition 
of bacterial cells by S. grandis have been 
reported. In accordance with the metabolic 
restrictions outlined above, polysaccharides like 
starch, alginate, carboxymethyl cellulose, and 
agar are not hydrolyzed (Lewin and Lounsbery, 
1969). Strain Sa gl also does not attack chitin and 
yeast cells. Marine S. toviformis differs from S. 
grandis in that it grows on casamino acids alone 
and does not require asparagine. Also, it is stim- 
ulated by lactate and acetate and depolymerizes 
carboxymethyl cellulose. It, too, does not utilize 
any of the tested sugars (Lewin and Lounsbery, 
1969). 

S. thermalis, the only freshwater species stud- 
ied in some detail, utilizes glucose but none of 
the other tested sugars, sugar alcohols, ethanol, 
or acetate (Lewin, 1965a; Lewin and Lounsbery, 
1969). This organism also hydrolyzes starch. S. 
thermalis grows well in a mineral salts/glucose 
medium with tryptone. The latter can be 
replaced by 1) yeast extract; 2) casamino acids 
plus the vitamins cobalamine and thiamine; or 3) 
glutamate plus the essential amino acids valine, 
leucine, and isoleucine and the vitamins. Much 
better growth is obtained if phenylalanine or 
tyrosine is also added to the synthetic medium. 
The main nitrogen source in the latter medium, 
glutamate, can be substituted by asparagine, 
methionine, or threonine, to a certain extent also 
by NH/ or urea, but not by NO3. S. thermalis 
too is proteolytic. The organism appears to oper- 
ate a citric acid cycle (Lewin, 1965a). A fructose- 
bisphosphate aldolase has been purified 240-fold 
from S. thermalis (Willard and Gibbs, 1968). It is 
a type II aldolase, as is characteristic for bacteria, 
requiring cysteine, Zn^^, and for maximum 
activity. 

All saprospiras are catalase negative and pro- 
duce ammonia from amino acids; none reduces 
nitrate to nitrite. Only S. thermalis produces H 2 S 
and minor amounts of indole. 



Taxonomy 

An extensive study on the taxonomy of flexibac- 
teria, including several types of saprospiras, was 
performed in the late 1960s (Lewin, 1969; Lewin 
and Lounsbery, 1969). The study was based 
mainly on a set of about 70 morphological and 
physiological features, but the GC content of the 
strains was also determined (Mandel and Lewin, 
1969; in case of a discrepancy between data in 
the literature, the GC values given in Table 1 
were taken from this study). The data were pro- 
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cessed in two different ways: by an Adansonian 
analysis (Colwell, 1969) and by a recurrent group 
analysis (Fager, 1969). While in both schemes, 
the strains of S. grandis, S. thermalis, and S. tov- 
iformis turn out as coherent and clearly sepa- 
rated groups, the connections between those 
groups, and between them and other flexibacte- 
ria, differ substantially. Considering the limita- 
tions of such a phenotypic classification it may, 
however, be too early to conclude that the vari- 
ous saprospiras are not closely enough related to 
be included in one genus. 

The phylogenetic relationship of S. grandis 
with the cytophagas and flavobacteria has 
already been mentioned. The branching point is, 
however, relatively low, and the connection to 
the other members of the group is consequently 
weak. 

At present, only one species of Saprospira is 
accepted, S. grandis (Reichenbach, 1989). 
Although there are no conclusive arguments to 
prove it, at least some of the various organisms 
classified as saprospiras in the past (Table 1) 
may indeed represent other Saprospira species. 
Apparently, a similar situation exists with 
Saprospira as with Beggiatoa, for which strains 
or species of widely different dimensions have 
also been reported. Unfortunately, with the 
exception of S. grandis, no other Saprospira 
seems to be currently available for comparison 
in a public culture collection, so that all planned 
studies will have to start with new isolates. 

Applications 

Apart from the remote possibility discussed ear- 
lier for using saprospiras for the control of fresh- 
water cyanobacteria, no other practical interest 
in the saprospiras is obvious at the moment. 
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CHAPTER 6.9 

The Genus Haliscomenobacter 

EPPE GERKE MULDER AND MARIA H. DEINEMA 



In the 1st edition of The Prokaryotes, the genus Halis- 
comenobacter was considered together with bacteria of the 
genera Sphaerotilus and Leptothrix, but Haliscomenobacter 
is not closely related to these other Gram-negative sheathed 
bactera. 

Habitats 

Strains of Haliscomenobacter hydrossis, the only 
species of the genus Haliscomenobacter isolated 
so far, are nearly always present in activated 
sludge floes, sometimes in large amounts. The 
conditions for such an abundant development, 
which gives rise to bulking sludge, are not 
understood. 

Straight, thin, needle-shaped, sheath-forming 
chains of cells protruding from the sludge floes 
(Fig. 1) may interfere with clumping and com- 
pacting of the solids. 

Isolation 

The following procedure (van Veen, 1973) can 
successfully be used to isolate Haliscomeno- 
bacter sp. from bulking activated sludge. 

I Medium (g/liter of distilled water) 



Glucose 


0.15 


(NH4)2S04 


0.5 


Ca(N03)2 


0.01 


K 2 HPO 4 


0.05 


MgS04 • 7 H 2 O 


0.05 


KCl 


0.05 


CaCOa 


0.1 


Vitamin B 12 


10 -^ 


Thiamine 


4x 10 - 


Agar (Oxoid) 


10 



S.C.Y. Medium (g/liter of distilled water) 



Sucrose 


1.0 


Casitone (Difeo) 


0.75 


Yeast extract (Difeo) 


0.25 


Trypticase soy broth without dextrose 




(BBL) 


0.25 


Vitamin B 12 


10 -^ 


Thiamine 


4 X 10-4 


Agar (Oxoid) 


10 


The vitamins are sterilized separately by 


filtration. 



This chapter was taken unchanged from the second edition. 



A sample of 0.10-0.50 ml of sludge with a relatively 
large amount of Haliscomenobacter threads is pipetted 
into tubes containing 10 ml sterile tap water. The tubes 
are stirred for several minutes with a tube mixer and the 
floes allowed to settle. The settling time depends on the 
characteristics of the sludge and especially on the degree 
of bulking. This treatment of the sludge is repeated 
until sufficient filamentous organisms are observed 
microscopically in the upper layers of the supernatant. 
During moderate agitation and rotating movements of 
the dilute floe suspensions, fragments of threads are 
severed from the protruding filaments. The low total 
numbers of organisms and the favorable ratio between 
filamentous and other bacteria in the upper liquid layers 
permit a direct inoculation of the plates without further 
dilution of the suspension. The time of agitation of the 
floes in the tubes appears to be related to the mechanical 
properties of the stirrer and to the nature and number of 
filamentous organisms present in activated sludge. 

Very small droplets containing sufficient numbers of 
filamentous bacteria are transferred to the previously 
dried surfaces of 30 to 40 agar plates containing I 
medium. The cells are regularly spread over the whole 
surface of the agar plates by rubbing firmly with a sterile 
glass rod. The plates are incubated for 3 to 4 weeks at a 
temperature between 17 and 20°C. 

The small colonies that develop from filamentous 
bacteria are often difficult to detect with a stereo- 
microscope, but recognition of the poorly contrasting, 
filamentous microcolonies on the agar is facilitated by 
low-magnification (150x) phase-contrast microscopy. Iso- 
lation is performed by transferring bacterial cells to S.C.Y. 
medium using sterile capillary tubes. 

Preservation of Cultures 

Stock cultures of Haliscomenobacter hydrossis 
can be maintained in the following way. Three 
milliliters of sterile tap water are pipetted onto 
the surface of the S.C.Y. agar slopes. The inocu- 
lated tubes are incubated at 20-25°C until turbid 
growth has developed in the liquid layer on the 
agar. The cells remain viable during 3 months’ 
storage at 4°C. 

Identification 

The main characteristics of Haliscomenobacter 
spp. are presented in Table 1. Pinkish, smooth, 
or slightly fllamentous colonies about 1-3 mm in 
diameter are formed on S.C.Y. medium. The cells 
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Figs. 1-3. Haliscomenobacter hydrossis. (1) Activated sludge floes with many filaments. Bar = 10 jim. (2) Branched filament 
with thin hyaline sheath. Bar = 1 jim. (3) Fine structure: OS, outer layer of the sheath; IS, inner layer of the sheath; CW, 
cellwall; PS, polysaccharide globules. Bar = 1 pm. 
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Table 1. Main characteristics of Haliscomenobacter. 
Cells 



Width (pm) 


0.35-0.45 


Length (pm) 


3-5 


Branchings 


Real 


Structure of sheath surface"" 


Smooth 


C source: 


Glucose 




Sucrose 




Glycerol 


- 


Lactate 


- 


N source: 


NH/ 




NO 3 - 




Aspartic and glutamic acids 




Casamino acids 




Vitamin B 12 




Thiamine 




Optimum pH 


7.0-8.0 


Fe(OH )3 accumulation 


- 


Mn^^ oxidation 


- 


Carotenoid pigments 




Reserve material: 


PHB 


- 


Polysaccharide 




GC content (mol%) 


48.3-49.7 



^Electron microscope observations. 



are nearly always enclosed by a narrow, hardly 
visible, hyaline sheath (Fig. 2). A holdfast, as may 
be present in Sphaerotilus natans, has never been 
detected. The sheaths do not attach to glass walls 
of culture flasks; occasionally single cells are lib- 
erated from the sheaths in fast-growing, aerated 
cultures. Flagella have not been detected by 
electron microscope examinations, and motility 
in liquid or hanging-drop cultures has never 
been observed. Glucose, glucosamine, lactose, 
sucrose, and starch have been found to be excel- 
lent carbon and energy sources. The cells grow 
very well with (NH4)2S04, KNO3, glutamate, or 
casamino acids as the nitrogen source. Both vita- 
min Bi 2 and thiamine are required for growth. 
Maximum growth was generally obtained after 
an incubation period of 4-6 days on a rotary 
shaker at 25°C (Krul, 1977; van Veen et al., 
1973). 



Instead of poly-p-hydroxybutyrate (present in 
Sphaerotilus and Leptothrix spp.), polysaccha- 
ride globules are present in cells from media with 
a high C/N ratio (Fig. 3) (Deinema et al., 1977). 
Strains of Haliscomenobacter isolated so far 
belong to one species, H. hydrossis (Crombach 
et al., 1974; Eikelboom, 1975; van Veen et al., 
1973). 

The GC content of the DNA of H. hydrossis 
strains was found to be 49.0 ± 0.7 mol% (Crom- 
bach et al., 1974). This value, together with the 
other properties of this sheathed bacterium 
(Table 1), conflrms the theory that except for 
the presence of a sheath, bacteria of the genus 
Haliscomenohacter are entirely different from 
those belonging to the genera Sphaerotilus and 
Leptothrix. 

Three strains of Haliscomenohacter hydrossis 
have been deposited with the American Type 
Culture Collection (ATCC 27775-7) in 
Rockville, Maryland, and with the Deutsche 
Sammlung fur Mikroorganismen (DSM 1100) in 
Gottingen. 
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Introduction 

The genus Sphingomonas was defined by 
Yabuuchi et al. (1990) as a group of Gram- 
negative, rod-shaped, chemoheterotrophic, 
strictly aerobic bacteria that possess ubiquinone 
10 as the major respiratory quinone, contain gly- 
cosphingolipids (GSLs) instead of lipopolysac- 
charide in their cell envelopes, and typically 
produce yellow-pigmented colonies. By 2001, the 
genus included more than 20 species that were 
quite diverse in terms of their phylogenetic, eco- 
logical, and physiological properties. As a result, 
Takeuchi et al. (2001) subdivided Sphingomonas 
into four genera: Sphingomonas, Sphingobium, 
Novosphingobium and Sphingopyxis. These 
genera are referred to collectively as “sphin- 
gomonads” in this chapter. The sphingomonads 
are widely distributed in nature, having been iso- 
lated from many different aqueous and terres- 
trial habitats, as well as from plant root systems, 
clinical specimens, and other sources. Sphin- 
gomonads are metabolically versatile and, thus, 
are able to utilize a wide range of naturally 
occurring organic compounds as well as many 
types of refractory environmental contaminants. 
Because of this, there has been much interest in 
the metabolic pathways of these organisms, the 
properties of the enzymes involved with those 
patWays, and the genetics of their catabolic 
processes. Some of the sphingomonads (espe- 
cially Sphingomonas paucimobilis) also play a 
role in human disease, primarily by causing a 
range of mostly nosocomial, non-life-threatening 
infections that typically are easily treated by 
antibiotic therapy. Owing to their remarkable 
biodegradative and biosynthetic capabilities, 
sphingomonads have been utilized for a wide 
range of biotechnological applications, from 
bioremediation of environmental contaminants 
to production of extracellular polymers such as 
sphingans used extensively in the food and other 
industries. 

Taxonomy and Phylogeny 

The genus Sphingomonas was defined by 
Yabuuchi et al. (1990) as a group of Gram- 



negative, rod-shaped, chemoheterotrophic, 
strictly aerobic bacteria that possess ubiquinone 
10 as the major respiratory quinone, contain gly- 
cosphingolipids (GSLs) in their cell envelopes, 
and typically produce yellow-pigmented colo- 
nies. Other characteristics, such as presence of 
certain lipids and the utilization of various sub- 
strates, were also included in the definition of the 
genus. However, it was the presence of GSLs 
that most clearly distinguished Sphingomonas 
from other members of the a-subclass of the Pro- 
teobacteria (Woese, 1987; Stackebrandt et al., 
1988) at that time. Yabuuchi et al. (1990) charac- 
terized 16 strains of bacteria in the Japan Collec- 
tion of Microorganisms (JCM) that had been 
received as Pseudomonas paucimobilis (includ- 
ing the type strain, JCM 7516^; Holmes et al., 
1977), Xanthomonas sp., Flavobacterium sp., 
Flavobacterium devorans, Flavobacterium capsu- 
latum (Leif son, 1962), or Sphingobacterium sp. 
On the basis of physiological, biochemical, and 
phylogenetic evidence, 14 of these strains were 
classified into five species of the new genus: 
Sphingomonas paucimobilis (the type species), 
Sphingomonas parapaucimobilis, Sphingomonas 
adhaesiva, Sphingomonas capsulata and Sphin- 
gomonas yanoikuyae. 

Between 1990 and 1999, various research 
groups added 15 more novel species to the genus. 
Takeuchi et al. (1993) defined Sphingomonas 
macrogoltabidus, Sphingomonas sanguis and 
Sphingomonas terrae after examining several 
strains known to degrade polyethylene glycol 
(PEG), as well as two Sphingomonas strains 
that were included in the Yabuuchi et al. (1990) 
study but not assigned to any species. Two years 
later, Takeuchi et al. (1995) defined four more 
species that consisted of strains isolated from 
plant roots: Sphingomonas asaccharolytica 

(from apple tree roots), Sphingomonas mali 
(also from apple tree roots), Sphingomonas 
pruni (peach tree roots), and Sphingomonas rosa 
(rose roots). Nohynek et al. (1995) proposed 
Sphingomonas chlorophenolica, based on a reex- 
amination of four strains (originally described as 
Arthrobacter, Flavobacterium or Pseudomonas 
species; Edgehill and Finn, 1982; Saber and 
Crawford, 1985; Radehaus and Schmidt, 1992; 
Resnick and Chapman, 1994) known to degrade 
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polychlorinated biphenyls (PCBs). A Flavobac- 
terium strain (strain MH; Florvath et al, 1990) 
that degrades the herbicide 2-(2,4-dichlorophe- 
noxy) -propionic acid (Mecoprop™) was reclas- 
sified as Sphingomonas herhicidovorans (Zipper 
et al., 1996). Similarly, Nohynek et al. (1996) 
reclassified three strains of Pseudomonas saccha- 
rophila that can degrade polychlorinated biphe- 
nyls (PCBs; Puhakka et al., 1995) as 
Sphingomonas suharctica. Strains from deep ter- 
restrial subsurface environments (Atlantic 
coastal plain aquifer sediments) were added to 
the genus by Balkwill et al. (1997a), who 
described Sphingomonas aromaticivorans, Sph- 
ingomonas stygia and Sphingomonas suhterra- 
nea. Kampfer et al. (1997) then reclassified 
'‘Pseudomonas azotocoligens'' (Anderson, 1955; 
Hill and Postgate, 1969) as Sphingomonas truep- 
eri, and Denner et al. (1999) renamed 
Pseudomonas echinoides (Heumann, 1962) Sph- 
ingomonas echinoides. Yrjala et al. (1998) reclas- 
sified Pseudomonas strain HV3 (which degrades 
aromatic and chloroaromatic compounds; Kilpi 
et al., 1980) as Sphingomonas HV3, but this 
strain was never recognized as a distinct species. 

By 1999, the genus Sphingomonas included 
no fewer than 20 recognized species. It was 
obvious from phylogenetic analyses of 16S 
rRNA gene sequences that this group of bacte- 
ria was genetically rather diverse, forming sev- 
eral distinct clusters of strains within the a-4 
subclass of the Proteobacteria in phylogenetic 
trees. As a result, several authors speculated 
that the genus was too diverse and might best be 
separated into two or more distinct genera at 
some point in the future (e.g.. Van Bruggen et 
al., 1993; Segers et al., 1994; Takeuchi et al., 
1994; Takeuchi et al., 1995; Balkwill et al., 
1997a). Moreover, Kampfer et al. (1997) 
reported that Sphingomonas species with sym- 
homospermidine as the major poly amine 
formed a relatively homogeneous subgroup 
within the genus. Nevertheless, Yabuuchi et al. 
(1999) expanded the genus even further by 
transferring in three more species from other 
genera because their cell envelopes contain 
GSLs. Blastomonas natatoria (Sly and Cahill, 
1997), Erythromonas ursincola (Yurkov et al., 
1997), and Rhizomonas suberifaciens (Van 
Bruggen et al., 1990) were renamed Sphingo- 
monas natatoria, Sphingomonas ursincola and 
Sphingomonas suberifaciens, respectively. This 
change added phytopathogenic and photosyn- 
thetic organisms to Sphingomonas, thereby cre- 
ating an unusually diverse genus in terms of 
its physiological and ecological characteristics. 
Shortly after the Yabuuchi et al. (1999) pro- 
posal, Hiraishi et al. (2000) emended the 
description of the genus Blastomonas, redefin- 
ing it as a photosynthetic genus and proposing 



that Erythromonas ursincola {Sphingomonas 
ursincola in Yabuuchi et al., 1999) be trans- 
ferred to it as Blastomonas ursincola. This 
proposal has been recognized, removing one 
species from Sphingomonas, but the other two 
species transferred by Yabuuchi et al. (1999) 
remain in the genus at this time (see Table 1). 

Takeuchi et al. (2001) carried out a thorough 
reevaluation of the then-recognized species of 
Sphingomonas to better define the genus and, if 
necessary, subdivide it into additional genera. 
An important conclusion of this study was that, 
though the presence of GSLs in the cell 
envelope is significant, species should not be 
assigned to the genus Sphingomonas solely on 
the basis of this characteristic. Rhizomonas and 
Blastomonas (including the former Erythromo- 
nas ursincola) nested in the overall Sphingomo- 
nas cluster during phylogenetic analyses of 16S 
rRNA gene sequences. However, they were 
clearly separated, along a distinct line of 
descent, from any of the four monophyletic 
clusters of Sphingomonas species seen in phylo- 
genetic trees (see below and Fig. 1 in Takeuchi 
et al., 2001). This was also true for Erythro- 
bacter and Porphyrobacter, two other genera in 
the a-4 subclass of the Proteobacteria that 
possess GSLs. Rhizomonas and Blastomonas 
also differed from the Sphingomonas clusters 
in possessing phytopathogenic or photosyn- 
thetic properties, which are generally consid- 
ered to be taxonomically very significant. 
Therefore, it was suggested that Blastomonas 
and Rhizomonas be left as they were prior to 
the Yabuuchi et al. (1999) revision and not be 
included in the genus Sphingomonas, a pro- 
posal that has not yet been recognized in the 
case of Rhizomonas suberifaciens and Blasto- 
monas natatoria (see Table 1). 

Takeuchi et al. (2001) found that phylogenetic 
analyses separated the remaining species of Sph- 
ingomonas into four monophyletic and geneti- 
cally distinct clusters (in phylogenetic trees) that 
were supported by high levels of confidence 
(>86%) in bootstrap analyses. These clusters 
could also be distinguished on the basis of certain 
physiological and biochemical characteristics. 
Therefore, it was proposed that the four mono- 
phyletic clusters of species represent four distinct 
genera, including Sphingomonas and three novel 
genera: Sphingobium, Novosphingobium and 
Sphingopyxis. The principal traits of these four 
genera, as reported by Takeuchi et al. (2001), are 
summarized in Table 2. Sphingomonas differs 
from the other three genera primarily in its lipid 
composition (major fatty acids and major 2-OH 
fatty acids), the presence of homospermidine as 
the major poly amine, and signature nucleotide 
bases at certain positions within the 16S rRNA 
gene. Sphingobium and Novosphingobium are 
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Table 1. Reorganization and subdivision of the genus Sphingomonas by Takeuchi et al. (2001). 



Original 
Sphingomonas 
species name 


Taxonomy reference 


Proposal by Takeuchi et al. (2001) 


Current taxonomic status 


S. adhaesiva 


Yabuuchi et al., 1990 


Retain as Sphingomonas adhaesiva 


Sphingomonas adhaesiva 


S. aromaticivo vans 


Balkwill et al., 1997a 


Reclassify: Novosphingobium 
aromaticivorum 


Novosphingobium 

aromaticivorans 


S. asaccharolytica 


Takeuchi et al., 1995 


Retain as Sphingomonas asaccharolytica 


Sphingomonas asaccharolytica 


S. capsulata 


Yabuuchi et al., 1990 


Reclassify: Novosphingobium capsulatum 


Novosphingobium capsulatum^ 


S. chlorophenolica 


Nohynek et al., 1995 


Reclassify: Sphingobium 
chlorophenolicum 


Sphingobium chlorophenolicum 


S. echinoides 


Denner et al., 1999 


Retain as Sphingomonas echinoides 


Sphingomonas echinoides 


S. herbicidovorans 


Zipper et al., 1996 


Reclassify: Sphingobium herbicidovorans 


Sphingobium herbicidovorans 


S. macro goltabidus 


Takeuchi et al., 1993 


Reclassify: Sphingopyxis macrogoltabida 


Sphingopyxis macrogoltabida"" 


S. mali 


Takeuchi et al., 1995 


Retain as Sphingomonas mali 


Sphingomonas mali 


S. natatoria 


Yabuuchi et al., 1999 


Remove from genus; return to 
Blastomonas 


Sphingomonas natatoria 


S. parapaucimobilis 


Yabuuchi et al., 1990 


Retain as Sphingomonas 
parapaucimobilis 


Sphingomonas parapaucimobilis 


S. paucimobilis 


Yabuuchi et al., 1990 


Retain as Sphingomonas paucimobilis 


Sphingomonas paucimobilis^ 


S. pruni 


Takeuchi et al., 1995 


Retain as Sphingomonas pruni 


Sphingomonas pruni 


S. rosa 


Takeuchi et al., 1995 


Reclassify: Novosphingobium roseae 


Novosphingobium rosa 


S. sanguis 


Takeuchi et al., 1993 


Retain as Sphingomonas sanguinis 


Sphingomonas sanguinis 


S. stygia 


Balkwill et al., 1997a 


Reclassify: Novosphingobium stygiae 


Novosphingobium stygium 


S. subarctica 


Nohynek et al., 1996 


Reclassify: Novosphingobium 
subarcticum 


Novosphingobium subarcticum 


S. suberifaciens 


Yabuuchi et al., 1999 


Remove from genus; return to 
Rhizomonas 


Sphingomonas suberifaciens 


S. subterranea 


Balkwill et al., 1997a 


Reclassify: Novosphingobium 
subterraneae 


Novosphingobium subterraneum 


S. terrae 


Takeuchi et al., 1993 


Reclassify: Sphingopyxis terrae 


Sphingopyxis terrae 


S. trueperi 


Kampfer et al., 1997 


Retain as Sphingomonas trueperi 


Sphingomonas trueperi 


S. ursincola 


Yabuuchi et al., 1999 


Remove from genus; return to 
Blastomonas^ 


Blastomonas ursincola 


S. yanoikuyae 


Yabuuchi et al., 1990 


Reclassify: Sphingobium yanoikuyae 


Sphingobium yanoikuyae^ 


Sphingomonas HV3 


Yrjala et al., 1998 


Not examined 


Not recognized as species 



""Type species. 

‘’Reclassified as Blastomonas ursincola by Hiraishi et al. (2000). 



virtually identical in terms of lipid composition, 
signature nucleotide bases, and various other 
traits, but can be distinguished by the presence 
or absence of nitrate reductase activity (in addi- 
tion to the clustering patterns in phylogenetic 
trees). Sphingopyxis differs from the other three 
genera primarily in its lipid composition and 
signature nucleotide bases (see Table 2). The 
Takeuchi et al. (2001) proposal to redefine and 
subdivide the genus Sphingomonas was accepted 
and the current taxonomic positions of the spe- 
cies examined in this study are summarized in 
Table 1. 

At present, the genus Sphingomonas officially 
includes ten species (Table 3) that were not 
examined by Takeuchi et al. (2001) because the 
papers describing them were incomplete at the 
time of that study or have appeared since it was 
published. On the basis of the phylogenetic anal- 
yses presented in the respective publications, it 
appears that five of these recently described spe- 
cies are members of the genus Sphingomonas as 



redefined by Takeuchi et al. (2001): Sphingomo- 
nas pituitosa (an extracellular slime producer; 
Denner et al., 2001), Sphingomonas roseiflava 
(from plant roots; Yun et al., 2000), Sphingomo- 
nas cloacae (a nonylphenol-degrading strain; 
Fujii et al., 2001), and Sphingomonas aquatilis 
and Sphingomonas koreensis (isolated from nat- 
ural mineral water sources in Korea; Lee et al., 
2001). Three of the recently described species 
appear to be members of the genus Sphingobium 
on the basis of their positions in phylogenetic 
trees. These are: Sphingomonas chungbukensis 
(an aromatic degrader; Kim et al., 2000), 
Sphingomonas wittichii (which degrades 
dibenzo-p-dioxin; Yabuuchi et al., 2001), and 
Sphingomonas xenophaga (two strains that 
degrade xenobiotics; Stolz et al., 2000). Sphin- 
gomonas alaskensis, an oligotrophic organism 
isolated from seawater (Vancanneyt et al., 2001), 
clusters with Sphingopyxis species in phyloge- 
netic trees and thus is most likely to be a member 
of that genus. The remaining species, Sphin- 
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gomonas taejonensis, was described by Lee et al. 
(2001) and could be a member of either Sphin- 
gopyxis or Sphingomonas. The clusters in the 
phylogenetic tree published by Lee et al. (2001) 
are not in complete agreement with those 
described by Takeuchi et al. (2001) and this 
makes it difficult to speculate about the correct 
taxonomic placement of this species without 
additional information. At some point, the official 
taxonomic status of the 10 species listed in Table 
3 will need to be clarified. Moreover, new Sphin- 
gomonas species proposed in the future should be 
characterized specifically in regard to their place- 
ment within the genera described by Takeuchi et 
al. (2001). 

The subdivision of the genus Sphingomonas 
into four genera (Takeuchi et al., 2001) is a rather 
recent development, and very few reports since 
then have focused on the redefined genus or on 



any of the three new genera as separate entities. 
Moreover, many strains of Sphingomonas de- 
scribed in the literature were never assigned to 
a species and, therefore, are referred to simply as 
“Sphingomonas sp.” At this time, it is not known 
whether these strains are members of the rede- 
fined genus Sphingomonas or one of the three 
new genera. Consequently, this chapter treats all 
members of the four genera proposed by Takeu- 
chi et al. (2001) as a single group of organisms 
(i.e., as they were prior to reorganization of the 
genus). The new names proposed by Takeuchi et 
al. (2001) are used when the actual taxonomic 
position of an organism is reasonably certain. 
The phrase “Sphingomonas and related genera” 
refers to the four genera proposed by Takeuchi 
et al. (2001), and the term “sphingomonads” 
refers in general to the members of all of those 
genera. 
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Table 2. Principal characteristics of Sphingomonas and related genera. 



Characteristic 


Sphingomonas 


Sphingobium 


Novosphingobium 


Sphingopyxis 


Cell morphology 


Gram reaction 


- 


- 


- 


- 


Shape 


Rods 


Rods 


Rods 


Rods 


Size 


0.3-0.8 X 
1.0-1. 9 pm 


0.3-0.7 X 
1.0-3. 5 pm 


0.3-0.5 X 
1.0-3. 0 pm 


0.3-0.5 X 0.9pm 


Spore-formation 


- 


- 


- 


- 


Motility 


+!- 


+!- 


+!- 


+!- 


Colony morphology 


Color 


Yellow or 


Yellow or 


Yellow or 


Yellow or 




off-white 


whitish-brown 


whitish-brown 


whitish-brown 


Physiological characteristics 


Strictly aerobic 










Strictly chemoorganotrophic 










Catalase activity 










Nitrate reduction 


(+/-) 


- 




- 


Biochemical characteristics 


Major respiratory quinone 


Q-10 


Q-10 


Q-10 


Q-10 


Lipid composition 


Major fatty acids 


18:1, 16:0, 
and/or 17 : 1 


18:1 (16:0 minor) 


18:1 (16:0 minor) 


18:1, 16:0 and 16:1 


Major 2-hydroxy fatty acids 


2-OH 14:0 or 
2-OH 15:0 


2-OH 14:0 


2-OH 14:0 


2-OH 14:0, 2-OH 15:0, 
and/or 2-OH 16:0 


Presence of GSLs in envelope 










Major poly amine 


Homospermidine 


Spermidine 


Spermidine 


Spermidine 


Genetic characteristics: 


G-fC content (mol%) 


62-68 


62-67 


62-67 


63-65 


Signature nucleotide bases at 
these positions in 16S 
rRNA gene: 


52:359 


C:G 


U:A 


U:A 


C:G 


134 


G 


G 


G 


G 


593 


G 


U 


U 


U 


987:1218 


G:C 


A:U 


A:U 


G:C 


990:1215 


U:G 


U:G 


U:G 


U:G 


Abbreviation and symbols: GSLs, glycosphingolipids; 


-I-, always present; -, 


, always absent; -i-/-. 


present sometimes. From 



Takeuchi et al. (2001). 



Table 3. Sphingomonas species not included in the Takeuchi et al. (2001) revision of the genus. 

Probable genus assignment based 
on 16S rRNA phytogeny 



Species 



Taxonomy reference 



S. alaskensis 


Vancanneyt et al., 2001 Sphingopyxis 


S. aquatilis 


Lee et al., 2001 


Sphingomonas 


S. chungbukensis 


Kim et al., 2000 


Sphingobium 


S. cloacae 


Fuji! et al., 2001 


Sphingomonas 


S. koreensis 


Lee et al., 2001 


Sphingomonas 


S. pituitosa 


Denner et al., 2001 


Sphingomonas 


S. roseiflava 


Yun et al., 2000 


Sphingomonas 


S. taejonensis 


Kim et al., 2000 


Sphingomonas or Sphingopyxis 


S. wittichii 


Yabuuchi et al., 2001 


Sphingobium 


S. xenophaga 


Stolz et al., 2000 


Sphingobium 


Habitat 




are listed in Table 4. Habitats for selected addi- 




tional strains of these genera are listed in Table 
5. (Table 5 is not meant to be an exhaustive list; 




The habitats for the type strains of the 32 cur- 


rather, strains were selected to provide a reason- 


rently recognized species of Sphingomonas, Sph- 


ably representative variety of habitats.) It is quite 


ingobium, Novosphingobium and Sphingopyxis 


apparent from these tables that sphingomonads 
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Table 4. Habitats of type strains for Sphingomonas, Sphingobium, Novosphingobium, and Sphingopyxis species. 
Species and strain 

designation Culture accession nos. Habitat References 



Sphingomonas species 
5. adhaesiva GIFU 11458^ 

S. alaskensis RB2256^ 

S. aquatilis JSS7^ 

S. asaccharolytica Y-345^ 

S. chungbukensis DJ77^ 

S. cloacae S-3^ 

S. echinoides DSM 1805^ 

S. koreensis JSS26^ 

5. mali Y-347^ 

S. natatoria ATCC 35951^ 

S. parapaucimobilis 
GIFU 11387^ 

S. paucimobilis GIFU 
2395 "^ 

S. pituitosa EDIV^ 

S. pruni Y-250^ 

S. roseiflava MK341^ 

S. sanguinis GIFU 2397^ 

S. suberifaciens ATCC 
49355^ 

S taejonensis JSS54^ 

S. trueperi ATCC 12417^ 

S. wittichii RWl^ 

S. xenophaga BN6^ 

Sphingobium species 
S. chlorophenolicum 
ATCC 33790^ 

S. herbicidovorans MH 

S. yanoikuyae GIFU 9882^ 

Novo sphingobium species 
N. aromaticivorans FI 99^ 



JCM 7370'^ = ATCC 51229^ = 
DSM 7418^ 

DSM 13593^ = LMG 18877^ 

KCTC 2881^ = KCCM 41067^ 

IFO 15499^ = ATCC 51839^ = 
DSM 10564^ 

KCTC 2955^ = IMSNU 11152^ 



JCM 10874^ = lAM 14885^ = 
DSM 14926^ 

ATCC 14820^ = NCIB 9420^ 

KCTC 2882^ = KCCM 41069^ 

IFO 15500^ = ATCC 51840^ = 
DSM 10565^ 

JCM 10396^ DSM 3183^ 

JCM 7510^ = ATCC 51231^ = 
DSM 7463^ 

JCM 7516^ = ATCC 29837^ = 
DSM 1098^ 

CIP 106154^ = DSM 13101^ 



IFO 15498^ = ATCC 51838^ = 
DSM 10566^ 
lAM 14823^ 

JCM 7514^ = ATCC 51382^ = 
DSM 13885^ = IFO 13937^ 
JCM 7516^ = NCPPB 3629^ = 
DSM 7465^ 

KCTC 2884^ = KCCM 41068^ 
DSM 7225^ = NCIMB 9391^ 
DSM 6014^ = JCM 10273^ 
DSM 6383^ 



DSM 7098^ = JCM 10275^ 



DSM 11019^ = IFO 16415^ = 
ATCC 700291^ 

JCM 7371^ = ATCC 51230^ = 
DSM 7462^ 

SMCC F199^ = ATCC 700278^ = 
DSM 12444^ 



“Sterile” (UV-irradiated) 
water used before 
surgery 

Seawater, Resurrection 
Bay, Alaska 
Natural mineral water 
source, Korea 
Roots of apple tree, Japan 

Chemically contaminated 
freshwater sediment 
near Taejon, Republic of 
Korea 

Water in sewage treatment 
plant 

Laboratory contaminant 
on nutrient agar plate 
Natural mineral water 
source, Korea 
Roots of apple tree, Japan 

Water in swimming pool 

Urine specimen 

Hospital respirator 

Water in eutrophic 
fountain (Vienna) 
during algal bloom 
Roots of Prunus persica 
(peach tree), Japan 
Ears of plants in family 
Gramineae 
Blood specimen 

Corky root of lettuce 

Natural mineral water 
source, Korea 
Soil 

Elbe River water 
Elbe River water 



Pentachlorophenol- 
contaminated soil 

Soil 



Clinical specimen 

Deep Atlantic coastal 
plain aquifer sediments 



Yabuuchi et al., 1990 



Vancanneyt et al., 2001 
Lee et al., 2001 
Takeuchi et al., 1995 
Kim et al., 1986, 2000 



Fuji! et al., 2001 

Heumann, 1962; 
Denner et al., 1999 
Lee et al., 2001 

Takeuchi et al., 1995 

Sly, 1985 

Yabuuchi et al., 1999 
Yabuuchi et al., 1990 

Holmes et al., 1977 
Yabuuchi et al., 1990 
Denner et al., 2001 



Takeuchi et al., 1995 

Kawahara et al., 1994 
Yun et al., 2000 
Yabuuchi et al., 1990 
Takeuchi et al., 1993, 2001 
van Bruggen et al., 1990 
Yabuuchi et al., 1999 
Lee et al., 2001 

Anderson, 1955 
Kampfer et al., 1997 
Wittich et al., 1992 
Yabuuchi et al., 2001 
Nortemann et al., 1986 
Stolz et al., 2000 

Edgehill and Finn, 1982 
Nohynek et al., 1995 
Takeuchi et al., 2001 
Horvath et al., 1990 
Zipper et al., 1996 
Takeuchi et al., 2001 
Yabuuchi et al., 1990 
Takeuchi et al., 2001 

Balkwill et al., 1997a 
Takeuchi et al., 2001 
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Table 4. Continued 



Species and strain 
designation 


Culture accession nos. 


Habitat 


References 


N. capsulatum GIFU 
11526'^ 


JCM 7508’' = ATCC 14666’ = 
DSM 30196’ 


Stored distilled water 


Leif son, 1962 
Yabuuchi et al., 1990 
Takeuchi et al., 2001 


N. rosa IFO 15208^ 


ATCC 51837’ = DSM 7285’ = 
NCPPB 2661’ 


Hairy root of Rosa (rose) 
sp.. United States 


Holmes and Roberts, 1981 
Takeuchi et al., 1995, 2001 


N. stygium B0712 


SMCC B0712’ = ATCC 700280’ 
= DSM 12445’ 


Deep Atlantic coastal 
plain aquifer sediments 


Balkwill et al., 1997a 
Takeuchi et al., 2001 


N. subarcticum KFl^ 


DSM 10700’ = HAMBI 2110’ = 
IFO 16058’ 


Activated sludge used in 
fluidized-bed reactor 


Puhakka et al., 1995 
Nohynek et al., 1996 
Takeuchi et al., 2001 


N. subterraneum B0478^ 
Sphingopyxis species 


SMCC B0478’ = ATCC 700279’ 
= DSM 12447’ 


Deep Atlantic coastal 
plain aquifer sediments 


Balkwill et al., 1997a 
Takeuchi et al., 2001 


S. macrogoltabida 203^ 


IFO 15033’ = ATCC 51380’ = 
DSM 8826’ 


Soil 


Kawai et al., 1984 
Takeuchi et al., 1993, 2001 


S. terrae E-l-A^ 


IFO 15098’ = ATCC51381’ = 
DSM 8831’ 


Activated sludge 


Kawai et al., 1984 
Takeuchi et al., 1993, 2001 



Abbreviations; GIFU, Dept, of Microbiology, Gifu Univ., Gifu, Japan; JCM, Japan Collection of Microorganisms; ATCC, 
American Type Culture Collection; DSM, Deutsche Sammlung von Mikroorganismen und Zellkulturen; LMG, Universiteit 
Gent, Laboratorium voor Mikrobiologie, Gent, Belgium; KCTC, Korean Collection For Type Cultures; IFO, Institute For 
Fermentation, Osaka, Japan; IMSNU, Institute of Microbiology, Seoul National University, Seoul, Korea; lAM, Institute of 
Applied Microbiology, University of Tokyo, Institute of Molecular and Cellular Bioscience, Tokyo, Japan; NCIB, National 
Collections of Industrial and Marine Bacteria Ltd., Aberdeen, Scotland, United Kingdom; CIP, Institut Pasteur; NCPBB, 
National Collection of Plant Pathogenic Bacteria, Central Science Laboratory, York, United Kingdom; and HAMBI, Cult. 
Coll. Fac. of Agric. and Forestry, Univ. of Helsinki, Finland. 



Table 5. Habitats of selected additional strains of Sphingomonas, Sphingobium, Novosphingobium and Sphingopyxis. 
Genus and strain(s)^ Habitat from which strain was isolated References 



Sphingomonas strains 
S. alaskensis AFOl 
S. alaskensis RB255, RB2515, 
RB2109, RB2108, RB2510, 
and RB2519 
5. mali Y-348 and Y-351 
S. parapaucimobilis GIFU 2135 
S. parapaucimobilis GIFU 2266 
and 11693 

S. paucimobilis 2322 
S. paucimobilis BPSI-3 
S. paucimobilis EPA505 
S. paucimobilis GIFU 2137 
S. paucimobilis GIFU 2396 
and 2406 

S. paucimobilis GIFU 11385 
S. paucimobilis GIFU 11386 
S. paucimobilis GSl 
S. paucimobilis P4 
S. paucimobilis Q1 
S. paucimobilis SS86 
S. paucimobilis SYK-6 
S. paucimobilis TA-2 
S. paucimobilis UT26 
Sphingomonas str. ICX 
Sphingomonas str. 2.10, 2.11, 
2.12, 2.15, and 2.18 
Sphingomonas str. 72MPII 



Seawater, Cape Muroto, Japan 


Eguchi et al., 2001 


Seawater, Resurrection Bay, Alaska 


Vancanneyt et al., 2001 


Roots of apple tree, Japan 


Takeuchi et al., 1995 


Vaginal swab 


Yabuuchi et al., 1990 


Sputum specimen 


Yabuuchi et al., 1990 


Creosote-contaminated soil 


Dutta et al., 1998 


PCB -contaminated soil 


Davison and Veal, 1993 


Creosote-contaminated soil 


Mueller et al., 1990 


Vaginal swab 


Yabuuchi et al., 1990 


Spinal fluid 


Yabuuchi et al., 1990 


Urine specimen 


Yabuuchi et al., 1990 


Sputum specimen 


Yabuuchi et al., 1990 


Soil near Baroda, India 


Ashtaputre and Shah, 1995 


Derived from culture of NCIMB 11942 


Lobas et al., 1994 


Soil 


Furukawa et al., 1983 


Field exposed to gamma-hexachlorocyclohexane 


Senoo and Wada, 1989 


Pulp-bleaching wastewater, Japan 


Sonoki et al., 2000 


Soil 


Ohe et al., 1990 


Mutant of S. paucimobilis SS86 


Imai et al., 1989 


Waste liquor from sewage treatment plant 


Coughlin et al., 1999 


Biofllm on glass coupon exposed to groundwater 


Buswell et al., 1997 


from borehole in England 


Rickard et al., 2002 


Contaminated marine sediment near petroleum 
refinery, Lavera, France 


Gilewicz et al., 1997 
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Table 5. Continued 



Genus and strain/s)"* 


Habitat from which strain was isolated 


References 


Sphingomonas str. A1 


Soil 


Momma et al., 1999 


Sphingomonas str. ANT- 17 and 


JP8 fuel-contaminated soil, Antarctica 


Lloyd-Jones and Lau, 1997 


ANT-20 


Sphingomonas str. CF06 


Soil that had been exposed to carbufuran 


Feng et al., 1997 


Sphingomonas str. DhA-33 


Batch reactor used to treat synthetic pulp 
mill effluent 


Mohn, 1995 
Mohn et al., 1999 


Sphingomonas str. DhA-95 


Hydrocarbon-contaminated Arctic Soil, 
Ellesmere Island 


Mohn et al., 1999 


Sphingomonas str. HV3 


Soil, Finland 


Kilpi et al., 1980 
Yrjala et al., 1998 


Sphingomonas JS5 


Creosote-contaminated soil 


Sabate et al., 1999 


Sphingomonas str. K6, K16, 
K39, K74, and KlOl 


Chlorophenol-contaminated groundwater 
near adjacent to sawmill, Finland 


Mannisto et al., 1999 


Sphingomonas str. KT-1 


Arakawa River water, Japan 


Tabata et al., 1999 


Sphingomonas str. RPOOl, 


PAH-contaminated soil. New Zealand 


Lloyd-Jones and Lau, 1997 


RP003, RP006, and WPOl 


Sphingomonas str. S88 


Pond water 


Yamazaki et al., 1996 


Sphingomonas str. SRS2 


Agricultural soil treated with herbicide 
isoproturon. Demark 


Sprensen et al., 2001 


Sphingomonas str. SS3 


Soil contaminated with industrial waste 


Schmidt et al., 2001 


Sphingomonas str. TZS-7 


Crude oil 


Lu et al., 1999 


Sphingomonas str. UG30 


Pentachlorophenol-contaminated soil 


Leung et al., 1997 


Sphingomonas str. V21 


Deep glacial ice core. Lake Vostok, Antarctica 


Christner et al., 2001 


Sphingobium strains 


S. chlorophenolicum ATCC 
39723 


Pentachlorophenol-contaminated soil 


Saber and Crawford, 1985 
Nohynek et al., 1995 


S. chlorophenolicum RA2 


Pentachlorophenol-contaminated soil 


Radehaus and Schmidt, 1992 
Nohynek et al., 1995 


S. chlorophenolicum SR3 


Pentachlorophenol-contaminated soil 
from wood preserving facility 


Resnick and Chapman, 1994 
Nohynek et al., 1995 


S. yanoikuyae B1 


Polluted stream 


Gibson et al., 1973 
Gibson, 1999 


S. yanoikuyae IFO 15163 


Roots of Psychotria nairobiensis 


Takeuchi et al., 1995 


S. yanoikuyae IFO 15164 


Roots of Ardisia crispa 


Takeuchi et al., 1995 


Novo sphingobium strains 


N. aromaticivorans B0522 


Deep coastal plain aquifer sediments 


Balkwill et al., 1997a 


and B0695 


N. rosa IFO 15209 and 


Roots of Rosa (rose) sp.. United States 


Takeuchi et al., 1995 


IFO 15210 


N. subarcticum KF3 and 


Activated sludge used as inoculum in 


Puhakka et al., 1995 


NKFl 


fluidized-bed reactor 


Nohynek et al., 1996 


N. subarcticum PR-P12 


Rhizosphere of salt marsh plants 


Daane, et al., 2001 


Sphingopyxis strains 


S. macrogoltabida TFA 


Rhine River mud 


Hemaez et al., 1999 



Abbreviations: PCB, polychlorobiphenyl; JP-8, a jet fuel grade; and PAH, polycyclic aromatic hydrocarbon. 
Tn many cases, it has not been confirmed that the strain is a member of the indicated genus and/or species. 



can occupy a broad range of different types of 
environments. Aqueous habitats in which they 
have been shown to occur include freshwater 
environments such as river water, pond water, 
and groundwater, as well as marine environ- 
ments such as seawater near the coasts of Alaska 
and Japan. Sphingomonads also have been iso- 
lated from soils and freshwater, marine, or deep 
terrestrial subsurface sediments. 

Many strains of Sphingomonas and related 
genera have been isolated from comparatively 



pristine environments, but a considerable pro- 
portion of them (e.g., one third of those in 
Tables 4 and 5) were discovered in contaminated 
(sometimes rather badly contaminated) environ- 
ments. The contaminants in these environments 
include a variety of potentially toxic and/or re- 
calcitrant compounds, such as PCBs, creosote, 
pentachlorophenol, herbicides, etc. Many of the 
strains isolated from contaminated habitats were 
able to utilize one or more of the contaminants 
as sole carbon sources, a reflection of the exten- 
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sive biodegradative versatility of these organ- 
isms (see the section Physiology in this Chapter). 
Given their versatile degradative abilities, it 
seems likely that natural enrichments have 
occurred for species of Sphingomonas and 
related genera in some of the contaminated 
habitats cited in Tables 4 and 5. 

Many of the sphingomonads described to date 
were isolated from low-nutrient habitats (e.g., 
soils and sediments), some of which may be very 
oligotrophic (e.g., seawater and deep subsurface 
environments). In fact, the type strain of 
Novosphingobium capsulatum (ATCC 14666^) 
was isolated from stored distilled water (Leifson, 
1962). In contrast, various strains of Sphingomo- 
nas, Sphingobium and Novosphingobium have 
been isolated from roots or other parts of plants, 
where one would expect the concentrations of 
organic carbon to be much higher than in soils, 
sediments, or seawater. Sphingomonas and Sph- 
ingobium also have been isolated from clinical 
specimens with relatively high concentrations of 
organic nutrients, such as blood and sputum. 
Some of these isolates, especially strains of Sph- 
ingomonas paucimobilis, have been implicated in 
certain types of (mostly nosocomial) infections 
in humans (see the section Disease in this Chap- 
ter). These findings indicate that sphingomonads 
can survive and function over a rather wide range 
of nutrient concentrations. 

In all likelihood, the complete range of habi- 
tats that can be occupied by Sphingomonas, Sph- 
ingobium, Novosphingobium and Sphingopyxis 
has yet to be determined. In any case, it is obvi- 
ous from the research reported to date that these 
organisms are exceedingly widespread in nature 
and that this is due primarily to their physiolog- 
ical and metabolic versatility, especially their 
extensive catabolic capabilities. 

Isolation 

To the best of our knowledge, no one has 
published a protocol designed specifically for 
the isolation of Sphingomonas, Sphingobium, 
Novosphingobium and/or Sphingopyxis species. 
Virtually all strains of these genera reported to 
date were isolated more or less fortuitously, in 
studies that were carried out for various reasons 
but with no intent to concentrate specifically 
on Sphingomonas-likt organisms. The primary 
objective of some of these studies was to 
examine the composition of culturable aerobic 
microbial communities in certain types of envi- 
ronments, in which case environmental samples 
typically were diluted (if necessary) and plated 
on commonly available microbiological media. 
Comparatively dilute media have been used in 



most studies in which sphingomonads were iso- 
lated. Examples include R2A agar (described by 
Reasoner and Geldreich [1985] and used by 
Christner et al. [2001]; see also Rickard et al., 
2002); a dilute peptone-tryptone-yeast extract- 
glucose (1% PTYG) medium (Balkwill, 1989; 
Fredrickson et al., 1995) and PYGV, a dilute pep- 
tone-yeast extract-glucose medium with vitamins 
described by Staley (1968) and used by Mannisto 
et al. (1999). However, sphingomonads have also 
been isolated using media that have higher con- 
centrations of nutrients, such as Czapek-Dox 
agar with sucrose (30 g/liter; Denner et al., 2001) 
and blood agar (Morrison and Shulman, 1986). 
In all of these studies, sphingomonads just hap- 
pened to be among the bacteria detected and 
isolated. Several researchers have mentioned the 
growth of yellow-pigmented colonies, and this 
could serve as an initial indication that these 
types of bacteria may be part of the community 
being examined. Interestingly, Lee et al. (2001) 
focused on yellow-pigmented bacteria in natural 
mineral water sources in Korea because earlier 
studies had focused on nonpigmented forms. As 
a result, they isolated several new strains of Sph- 
ingomonas that were shown to represent three 
novel species (S. aquatilis, S. koreensis and S. 
taejonensis). 

Many strains of Sphingomonas and related 
genera have been isolated in studies in which 
enrichment cultures were used to investigate 
bacteria that degrade specific organic com- 
pounds, most often compounds that are 
important as environmental contaminants. The 
inoculum for the enrichment in these studies 
usually is water, soil, or sediment from a contam- 
inated environment. The enrichment itself typi- 
cally is carried out in some type of mineral-salts 
medium (which may or may not include vita- 
mins), with the target compound serving as the 
sole source of carbon and energy. Examples of 
target compounds used in enrichments that 
have resulted in the isolation of sphingomonads 
include 6-aminonaphthalene-2-sulfonic acid 
(Nortemann et al., 1986), biphenyl (Furukawa 
et al., 1983), dibenzo-p-dioxin (Wittich et al., 
1992), V,A-dimethylaniline (Schmidt, 1994), 
fluoranthene (Mueller et al., 1990), 4- 

fluorodiphenyl ether (Schmidt et al., 1992), 
Orange II (an azo dye; Coughlin et al., 1999), 2- 
methylphenanthrene (Gilewicz et al., 1997; 
Sabate et al., 1999), nonylphenol (Fuji! et al., 
2001), pentachlorophenol (Saber and Crawford, 
1985; Radehaus and Schmidt, 1992), phenan- 
threne (Dutta et al., 1998), the herbicide Isopro- 
turon™ (Sprensen et al., 2001), tetralin (Hernaez 
et al., 1999), and several others. 

To isolate organisms that degrade compounds 
like those listed above, it usually has been nec- 
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essary to run the initial enrichment culture for an 
extended period of time and to subculture at 
least twice in fresh batches of the enrichment 
medium. While isolating a 2-methylphenan- 
threne-degrading Sphingomonas strain (2MPII), 
for example, Gilewicz et al. (1997) incubated an 
initial enrichment for one month and then made 
two successive transfers into fresh medium, incu- 
bating each of the transfers for another month. 
Sprensen et al. (2001) used 15 successive subcul- 
tures in fresh medium during the isolation of a 
Sphingomonas strain (SRS2) that degrades the 
phenylurea herbicide Isoproturon^^. Variations 
on the enrichment approach have included the 
use of multiple substrates instead of a single 
target compound (Puhakka et al., 1995), a soil 
column (Horvath et al., 1990), and/or a continu- 
ous-flow fluidized-bed bioreactor (Puhakka 
et al., 1995). Regardless of the details, enrich- 
ment and subculturing may yield a mixed cul- 
ture, in which case one still has to isolate the 
strain that actually degrades the compound of 
interest, assuming the reactions are carried out 
by a single strain as opposed to a consortium. 
Tliis is most often done by plating the mixed 
culture on a general growth medium, isolating 
the different colony types by re-streaking on 
fresh medium, and then testing each of the pure 
cultures for their ability to degrade the target 
compound. However, some authors have devel- 
oped indicator media on which the colonies that 
degrade the target compound are recognized by 
a change in the appearance of the surrounding 
medium (e.g.. Saber and Crawford, 1985; Sabate 
et al., 1999). This approach greatly lessens the 
time required to detect and isolate the desired 
strain(s). 

A few strains of Sphingomonas have been 
obtained by using very specialized procedures 
for isolation of organisms with certain types of 
physiological traits other than the ability to use 
a specific compound as a carbon source. For 
example, Eguchi et al. (2001) and Vancanneyt et 
al. (2001) used extinction dilution techniques 
and enrichments in filter-sterilized seawater to 
isolate oligotrophic strains of Sphingomonas 
alaskensis from seawater near Cape Muroto in 
Japan and Resurrection Bay in Alaska, respec- 
tively. Ashtaputre and Shah (1995) isolated a 
Sphingomonas paucimobilis strain (GSl) that 
produces a viscous, gel-forming exopolysaccha- 
ride by plating soil from Baroda, India, on a 
nitrogen-free sucrose agar medium and looking 
for viscous colonies. 



Cultivation 

The types of media that have been used to cul- 
tivate sphingomonads are nearly as varied as 



the habitats from which they have been iso- 
lated (see the section Habitat in this Chapter). 
A variety of complex media can be utilized for 
routine cultivation of most species. For exam- 
ple, many of them have been cultured for phy- 
logenetic and biochemical studies on various 
combinations of peptone, yeast extract, and a 
source of carbon and energy (e.g., glucose; 
Takeuchi et al., 1993; Takeuchi et al., 1995; 
Balkwill et al., 1997a). However, other complex 
media have also been used. Examples include 
trypticase soy broth (TSB) or agar (TSA; Zip- 
per et al., 1996; Denner et al., 2001; Lee et al., 
2001; Yabuuchi et al., 2001), Luria broth (Kim 
et al., 2000), nutrient agar (Lee et al., 2001), 
and brain-heart infusion agar (for pathogens; 
Takeuchi et al., 1993). 

As a group, sphingomonads are metabolically 
very diverse and able to degrade both a broad 
range of naturally occurring organic compounds 
and many different types of refractory environ- 
mental pollutants. As a result, a variety of chem- 
ically defined media have been used to cultivate 
these organisms, typically for enrichment cul- 
tures using a single organic compound as the 
sole source of carbon and energy (e.g.. Saber 
and Crawford, 1985; Katayama et al., 1988; 
Mueller et al., 1990; Schmidt et al., 1992; Wittich 
et al., 1992; Takeuchi et al., 1993; Parsons et al., 
1998; Wittmann et al., 1998; Fukuda et al., 
2002). Our laboratory utilized a defined mineral 
salts medium designed for cultivation of aerobic 
pseudomonads to grow aromatic-degrading 
isolates from subsurface sediments (Fredrickson 
et al., 1995). Similar media have been used by 
others (Fortnagel et al., 1990) and often contain 
phosphates (which also serve to buffer pH), 
(NH 4 ) 2 S 04 , magnesium and calcium salts, and 
a trace element solution (for examples, see 
Deutsche Sammlung von Mikroorganismen 
und Zellkulturen (DSMZ) media 457 and 465; 
http://www.dsmz.de/media). Mineral media are 
sometimes supplemented with peptone and/or 
vitamins to enhance growth (Zipper et al., 
1996). 

Most strains of sphingomonads are mesophiles 
and, therefore, are routinely cultured at 30°C. 
Although some strains have been isolated from 
low-temperature environments and some are 
even psychrotrophic (Eguchi et al., 1996), they 
also grow well at mesophilic temperatures 
(Christner et al., 2001). No thermophilic sphin- 
gomonads have been isolated to our knowledge. 
All known species are obligate aerobes; to date, 
no facultative strains been described. Some of 
the marine-derived strains have been grown in 
media containing NaCl at concentrations similar 
to those in seawater, but it is not clear whether 
these strains actually require salt (Eguchi et al., 
1996). 
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Identification 



There is no currently available rapid-kit-based 
or automated method for identification of all of 
the various species of Sphingomonas, Sphingo- 
hium, Novosphingobium and Sphingopyxis 
described to date. One might suspect that a new 
strain (depending on the conditions under which 
it was isolated) is a member of one of these gen- 
era if it is a Gram-negative, rod-shaped organ- 
ism that forms yellow, off-white, or whitish 
brown colonies on general media such as nutri- 
ent agar or trypticase soy agar. Perhaps the eas- 
iest way to establish whether the isolate is very 
likely to be a member of one of these genera 
is to determine its 16S ribosomal RNA gene 
sequence (or partial sequence) and then analyze 
that sequence phylogenetically to determine the 
strain’s evolutionary relatedness to previously 
described species. Standard approaches for 
doing this have been detailed by many of the 
authors who have proposed new Sphingomonas 
species in recent years (e.g., Takeuchi et al., 
1995; Takeuchi et al., 2001; Balkwill et al., 
1997a). The clustering patterns in the resulting 
phylogenetic trees and the signature nucleotide 
bases at certain positions in the 16S rRNA gene 
(see Table 2) will indicate whether the isolate 
is highly likely to be a member of one of the 
four Sphingomonas-rel^itQd genera described by 
Takeuchi et al. (2001). 

Following phylogenetic analysis, several addi- 
tional analyses should be done to confirm that an 
isolate is a member of Sphingomonas, Sphingo- 
hium, Novosphingobium or Sphingopyxis on the 
basis of the distinguishing characteristics of these 
genera (Table 2) described by Takeuchi et al. 
(2001). At a minimum, one should show that 
glycosphingolipids (GSLs) are present in the 
cell envelope and that ubiquinone QIO is 
the principal respiratory quinone. GSLs can 
be detected and identified by extraction with 
chloroform:methanol, followed by thin layer 
chromatography (TLC; Kawahara et al., 1991). 
Isoprenoid quinones can be extracted with chlo- 
roformmethanol, separated by TLC, and identi- 
fied by high-performance liquid chromatography 
(HPLC) analysis (Takeuchi et al., 1993). Lipid 
composition, especially the major fatty acids and 
2-hydroxy fatty acids, should also be determined 
and various methods can be used to do this (for 
examples, see Balkwill et al. [1997a], Yabuuchi 
et al. [1999], and Takeuchi et al. [2001]). Some 
authors have utilized the Microbial Identifica- 
tion System (MIDI Inc., Newark, DE, USA) for 
lipid analysis (for examples, see Nohynek et al. 
[1995] and Lee et al. [2001]). 

To identify an isolate to the species level 
within one of the Sphingomonas-relsited genera. 



it generally would be necessary to perform 
substrate-utilization and other physiological 
analyses. For details, the reader is referred to the 
species descriptions and techniques cited in the 
taxonomy papers for each recognized species in 
Tables 1 and 3. It may appear from these analy- 
ses that an isolate is a new species. If so, one 
would then have to establish this by showing 
either that 16S rRNA gene sequence similarities 
are below 97% or that chromosomal DNA-DNA 
reassociation values are below 70% when the 
isolate is compared to the phylogenetically most 
closely related established species (see Stacke- 
brandt and Goebel, 1994). 



Preservation 

Strains of Sphingomonas and related genera are 
readily preserved by lyophilization, and culture 
collections routinely supply these organisms in 
the form of freeze-dried stocks. To provide an 
extra measure of insurance for long-term preser- 
vation, however, they should also be frozen in a 
cryoprotectant and stored at very low tempera- 
ture. Cultures typically are frozen in their usual 
growth medium containing either 20-25% glyc- 
erol or 7% dimethylsulfoxide (DMSO) as the 
cryoprotectant. In our laboratory, we grow broth 
cultures to the late exponential phase, concen- 
trate the cells by centrifugation, and resuspend 
them in a relatively small volume of fresh 
medium containing 7% DMSO prior to freezing. 
After freezing by placement in a -80°C freezer 
or dry ice-methanol bath, the frozen stocks can 
be stored at -80°C and/or under liquid nitrogen. 



Physiology 

Catabolism of Organic Compounds 

Sphingomonas, Sphingobium, Novosphingo- 
bium and Sphingopyxis species are aerobic 
(nonfermentative), yellow-pigmented, nons- 
poreforming Gram-negative bacteria that either 
are nonmotile or contain a single polar flagellum. 
Glucose is assimilated by most strains (Balkwill 
et al., 1997a) and is frequently used as a growth 
substrate in both complex and defined media. A 
wide variety of other sugars including arabinose, 
fucose, galactose, lactose, mannose, melibiose, 
sucrose, trehalose, and xylose also are commonly 
assimilated (Balkwill et al., 1997a; Denner et al., 
2001; Fuji! et al., 2001). Many sphingomonads 
can degrade polysaccharides in addition to 
mono- and disaccharides. For example, Sphin- 
gomonas strain Al can use high-molecular- 
weight alginate for growth by depolymerizing 
the polymer with an intracellular alginate lyase 
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(Momma et al., 1999). This organism has devel- 
oped a novel pit-dependent endocytosic uptake 
system for the metabolism of macromolecules 
(Hashimoto et al., 2001). 

Sphingomonads are well recognized for their 
metabolic versatility and ability to degrade a 
broad range of environmental contaminants in 
addition to various natural organic compounds 
primarily of plant origin. Some strains have even 
been isolated from arsenic-contaminated mine 
tailings and can reduce arsenate to arsenite 
under aerobic conditions (Macur et al., 2001). 
They are particularly adept at degrading aro- 
matic compounds including single and multi-ring 
structures with various substitutions and func- 
tionality. Examples of the classes and types of 
organic compounds that can be degraded by 
sphingomonads are provided in Table 6. Because 
of their metabolic versatility, the metabolic path- 
ways of sphingomonads have been studied in 
detail (e.g., Schmidt et al., 1992; Wittich et al., 
1992; Zylstra and Kim, 1997), as have the pro- 
perties of their associated catabolic enzymes 
(Btinz and Cook, 1993a; Biinz et al., 1993b; 
Bertini et al., 1995; Armengaud and Timmis, 
1998; Hynkova et al., 1999; Xun et al., 1999; 



Byun et al., 2001; Vuilleumier et al., 2001; Oakley 
et al., 2002). 

Extracellular Biopolymers 

Sphingomonas strains are known to produce 
extracellular biopolymers, including certain 
gellan-related exopolysaccharides (Lobas et al., 
1992; Martins et al., 1996; Hashimoto and 
Murata, 1998). For example, some strains of S. 
paucimobilis produce a gellan-related polysac- 
charide that forms a gel if deacetylated (Anson 
et al., 1987). Gellan-related polysaccharides 
synthesized by strains of Sphingomonas are 
collectively referred to as “sphingans” (Pollock, 
1993). They share the same carbohydrate back- 
bone structure (-X-glucose-glucuronic acid- 
glucose-X-) in which X is either L-rhamnose or 
L-mannose. The yield, molecular structure, and 
properties of sphingans are significantly affected 
by growth medium composition (Fialho et al., 
1999). Sphingomonas paucimobilis GSl pro- 
duces an anionic heteropolysaccharide with a 
viscosity that is 5.5-fold greater than that of xan- 
than gum. This compound is stable over a pH 
range of 2-10 and in the presence of NaCl con- 



Table 6. Organic compounds metabolized by members of the genus Sphingomonas. 



Compound class or compound 
Nonylphenol 

Dibenzo-p-dioxin, dibenxofuran 
Diphenyl ethers 

Polychlorinated hydrocarbons: 

Pentachlorophenol 

Polychlorinated 

biphenyls 

Monoaromatics: 

toluene, xylene, cresol 

Polyaromatic hydrocarbons: 

naphthalene, anthracene, 
phenanthrene 
fluoranthene 
substituted naphthalenes 

Pesticides: 

lindane 

diclofop-methyl 
2,4-D, mecoprop 
carbofuran 
isoproturon 

Lignin monomers & dimers: 

Triterpenoids (resin acids): dehydroabietic 
acid, abietic acid, palustric acid, 
dichlorodehydroabietic acid 

Polymers: 

Polyethers (polyethylene glycol) 



Representative strain(s) (reference) 

Sphingomonas cloacae (Fujii et al., 2001) 

Sphingomonas wittichii strain RWl (Wittich et al., 1992) 
Sphingomonas sp. strain SS3 (Schmidt et al., 1992) 

Sphingomonas sp. strain ATCC 39723 (Crawford and Ederer, 1999); 
S. chlorophenolica RA2 (Witmann et al., 1998) 

S. paucimobilis BPSI-3 (Davison et al., 1996) 

S. aromaticivorans FI 99 (Balkwill et al., 1997a); 

S. yanoikuyae B1 (Zylstra and Kim, 1997) 

S. yanoikuyae B1 (Gibson, 1999) 

S. paucimobilis EPA 505 (Mueller et al., 1990) 

S. paucimobilis 2322 (Dutta et al., 1998); 

Sphingomonas sp. strain BN6 (Riegert et al., 1999) 

S. paucimobilis UT26 (Nagata et al., 1999) 

S. paucimobilis (Adkins, 1999) 

S. herbicidovorans MH (Kohler, 1999) 

Sphingomonas sp. strain CF05 (Feng et al., 1997) 

Sphingomonas sp. strain SRS2 (Sprensen et al., 2001) 

S. paucimobilis SYK-6 (Masai et al., 1999) 

S. spp. DhA-33 (Mohn and Stewart, 1997; Mohn et al., 1999) 



S. macro go Itabidus strain 203, 

S. terrae E-l-A (Kawai, 1999; Takeuchi et al., 1993) 
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centrations up to 50 g • liter“\ has a gel strength 
four times that of agar, and is able to withstand 
autoclaving (Ashtaputre and Shah, 1995). 
Functions of extracellular polysaccharides 
produced by sphingomonads include the attach- 
ment of cells to surfaces (Azeredo and Oliveira, 
2000), the formation of biofilms (Johnsen et 
al, 2000; Kuehn et al, 2001), and the probable 
enhancement of pathogenicity (Pollock, 1993). 
In addition to sphingans, some sphingomonads 
can produce enzymes that are involved in 
the depolymerization of polysaccharides 
(Hashimoto et al., 1996; Sutherland and 
Kennedy, 1996; Hashimoto and Murata, 1998). 
Some strains of Sphingomonas exhibit a 
planktonic/sessile dimorphism, with the sessile 
state being marked by production of a viscous 
exopolysaccharide capsule (Pollock and Armen- 
trout, 1999). The factors that control these 
behaviors in Sphingomonas are complex and 
poorly understood, but it is clear that culture 
conditions, such as the level of aeration, can 
influence shifts between the planktonic and 
sessile states and, hence, exopolysaccharide 
production. 

In an effort to increase gellan yield in “Sphin- 
gomonas elodea'' Vartak et al. (1995) noted that 
mutants deficient in 6-phosphogluconate dehy- 
drogenase were unaffected in CO 2 production 
or gellan yield from glucose. This result com- 
bined with other enzyme analyses indicated that 
“S. elodea'' utilizes the Entner-Doudoroff and 
pentose-phosphate pathways, rather than the 
Embden-Meyerhof glycolytic pathway, for 
glucose metabolism. 

Membrane Structure 

Sphingomonads are nearly unique among 
Gram-negative bacteria in that they are devoid 
of lipopolysaccharides (EPS) that can carry 
endotoxins. Instead, the cell envelope structure 
of S. paucimobilis includes a cell membrane 
that consists of proteins, phospholipids, and 
respiratory quinones and an outer membrane 
that contains glycosphingolipids (GSLs) with 
the carbohydrate moiety facing away from the 
cell surface (Kawasaki et al., 1994). The GSLs 
therefore occupy a position similar to that of 
LPS in other Gram-negative bacteria and likely 
provide many of the same functions (White 
et al., 1996), such as a barrier to bactericidal 
substances. Sphinogomonas paucimobilis 
GSLs include a glycosyl portion consisting of 
D-mannose-p-(1^2)-a-D-galactose-p-(1^6)-a- 
D-glucosamine-p-(1^4)-a-D-glucuronic acid-1- 
a-(18:0)/(18:l) co5 dihydrosphingosine with an 
amide-linked 2-hydroxy (14:0) at the 2 position 
of the long-chain base (Kawahara et al., 1991). 



The structure of GSLs can vary from species to 
species (Kawahara et al., 1999; Kawahara et 
al., 2001). Because the carbohydrate part of a 
GSL is far shorter than that of LPS, the cell 
surface of sphingomonads is more hydrophobic 
that that of other Gram-negative bacteria 
(Kawahara et al., 2001). This hydrophobicity 
likely contributes to the ability of sphin- 
gomonads to degrade hydrophobic polycyclic 
aromatic hydrocarbons (PAHs; Mueller et al., 
1990; Ye et al., 1996; Ryeom et al., 2000; Daane 
et al., 2001) and susceptibility to hydrophobic 
antibiotics (Smalley et al., 1983). 

Oligotrophy 

Sphingomonas species such as S. alaskensis 
appear to be the dominant members of the pico- 
plankton and important contributors to the total 
biomass and nutrient recycling in some low- 
nutrient marine environments (Eguchi et al., 
2001). The type strain of S. alaskensis (RB2256) 
was isolated from Resurrection Bay in Alaska 
using a dilution-to-extinction method (Schut 
et al., 1997) and produces ultramicrocells 
(<0.08 pm^) in dilute or rich medium (Eguchi et 
al., 2001). Sphingomonas alaskensis RB2256 
appears to be well-adapted for survival under 
oligotrophic conditions as it can grow in liquid 
sea water medium containing less than 1 mg • 
liter“^ of dissolved organic carbon (Schut et al., 

1997) and has an intermediate sized genome 
(-3.25 Mbp; Eguchi et al., 2001) with a single 
copy of the rRNA operon (Fegatella et al., 

1998) . Moreover, gene expression in this strain 
is highly regulated in response to starvation, 
including considerable co- and post-translational 
modification of proteins (Fegatella and 
Cavicchioli, 2000). Both growing and starved 
cells were remarkably resistant to stresses such 
as elevated temperature and high concentrations 
of ethanol and hydrogen peroxide, indicating 
that strain RB2256 has stress-resistance mecha- 
nisms that are distinct from those of other non- 
differentiating bacteria (Eguchi et al., 1996). 
Maximum growth rates were reached almost 
immediately when carbon-limited or starved 
cells of strain RB2256 were exposed to excess 
glucose, indicating that protein synthesis was 
constitutively regulated and that this organism is 
well adapted to life in seawater. 

Genetics 

Genetic systems have been used primarily to 
study aromatic catabolic metabolism and sphin- 
gan biosynthetic pathways in sphingomonads. 
Conjugation of broad host range plasmids 



618 D.L. Balkwill, J.K. Fredrickson and M.F. Romine 



CHAPTER 6.10 



pUFR042 (IncW; De Feyter and Gabriel, 1991) 
into N. aromaticivorans FI 99 (M. F Romine, 
unpublished results) and pSEB24 (IncQ; 
Yamazaki et al, 1996) or pRKSll (IncP; Ditta et 
al., 1985) into Sphingomonas S88 (Yamazaki et 
al, 1996) have been successful. Sphingomonads 
are inherently resistant to polymyxin B, which 
inhibits proper cytoplasmic membrane forma- 
tion in most other Gram-negative bacteria, 
including Escherichia coli, and therefore makes 
an excellent selectable marker to discriminate 
against donor cells in conjugation experiments. 
The majority of the genetic studies on sphin- 
gomonads have focused on the construction of 
transposon mutants generated either with TnlO 
(Pollock et al., 1998) or with Tn5 (Kim and 
Zylstra, 1995; Feng et al., 1997; Zylstra and Kim, 
1997; Biinz et al., 1999; Romine et al., 1999; 
Kaneko et al., 2000; Bastiaens et al., 2001; Story 
et al.,2001). 

Deletion mutants in Sphingomonas strain S88 
have been constructed by standard double 
crossover exchange, utilizing a narrow host range 
plasmid, pSEB26, which contains the pMBl 
(pUC12/13) replication origin. The ability of 
many sphingomonad strains to metabolize 
sucrose suggests that use of the sucrose sensitiv- 
ity phenotype that is conferred by levansucrase 
{sacB) as a selectable marker for the second 
crossover event will not be suitable for most 
wildtype strains of these organisms. Indeed, a 
sacB homolog was found in the genome 
sequence of the sucrose-metabolizing Novosph- 
ingohium aromaticivorans strain F199. 

The aromatic catabolic properties of many 
sphingomonads reside on large plasmids (>50 
Kb). Plasmids have been cured from Sphin- 
gomonas sp. strain CF06 by growing cells at 
elevated temperature (42°C) for 2 days (Feng 
et al., 1997). In Tn5 mutants selected for their 
inability to metabolize carbofuran, these plas- 
mids were found to have undergone rearrange- 
ments, deletions, or loss. Because of their large 
size, specialized techniques are required to iso- 
late sphingomonad plasmids (Furukawa and 
Chakrabarty, 1982; Stillwell et al., 1995; Feng 
et al., 1997). Transfer of the N. aromaticivorans 
pNLl conjugative plasmid to Sphingomonas 
strain S88m260 has been demonstrated. The 
sspB' phenotype of the recipient strain makes it 
resistant to the peptidoglycan synthesis inhibi- 
tory antibiotic, bacitracin (Pollock et al., 1998), 
to which other sphingomonads are sensitive. 
Stringent starvation protein B (SspB) is 
required for biosynthesis of capsular polysac- 
charide (Pollock et al., 1998). Similar spontane- 
ous bacitracin-resistant recipient strains for 
conjugal transfer can be isolated by selection 
in the presence of bacitracin (T. J. Pollock, per- 
sonal communication). 



Genomics 

Novosphingobium aromaticivorans FI 99 harbors 
a 185,457-bp conjugative, aromatic catabolic 
plasmid, pNLl, that has been completely 
sequenced (Romine et al., 1999). The entire 
genome of this organism was sequenced to near 
completion by the United States Department of 
Energys Joint Genome Institute, and the data 
are available at (the Joint Genome Institute 
website). Draft annotations of the genome sequ- 
ence are available at (Oak Ridge National Lab- 
oratory Computational Biology website (DBl)) 
and at PEDANT (Protein Extraction, Descrip- 
tion, and Analysis Tool) website). To date, this is 
the only publicly available genomic sequence 
information for a sphingomonad. Strain F199, 
which was isolated from deep subsurface sedi- 
ments Fredrickson et al., 1995), has an additional 
plasmid, designated “pNL2” (-480 kbp) and an 
estimated genome size of 2.86 Mb (R. Schneider, 
unpublished data), but genome sequence analy- 
ses suggested that the genome size is closer to 3.8 
Mb. The average G-\-C content of pNLl is 62 
mol% and that of the genome is 65.1 mol%. 
Genome sizes of other Novosphingobium strains 
from terrestrial subsurface environments were 
estimated to be approximately 2.9 Mb (N. sub- 
terraneum B0478), 3.76 Mb (A. aromaticivorans 
B0522), 3.82 Mb (A. aromaticivorans B0695), 
and 3.81 Mb (A. stygium B0712), whereas those 
for the type strains of A. capsulatum (ATCC 
14666) and S. paucimobilis (ATCC 29837) were 
estimated to be 4.18 Mb and 2.6 Mb, respectively 
(Fredrickson et al., 1999). Extrachromosomal 
elements hosted by these strains ranged between 
48 Kb and 750 Kb (150, 230, 420, and 630 Kb for 
strain B0478; 50, 130, and 270 Kb for strain 
B0712; 180 and 650 Kb for strain B0522; 48, 150, 
and 750 Kb for strain B0695; 230 and 600 Kb for 
ATCC 14666; and 360 Kb for ATCC 29837). 
These genome sizes are comparable to those of 
S. alaskensis strains RB2256, AFOl, and KT-1, 
whose genome sizes have been estimated to 
range between 3.11 and 3.25 Mb, with a G+C 
content between 64.8 and 65.3 mol% (Eguchi 
et al., 2001). 

Over one-third of A. aromaticivorans plasmid 
pNLl (83 open reading frames) is devoted to 
aromatic catabolic genes. The remainder of the 
plasmid encodes for genes that are necessary for 
conjugation and replication. The replication 
region includes two transposons and two group 
II intron-associated maturases. Group II introns 
commonly have been found in the genomes of 
eukaryotic organelles in fungi and plants and, 
more recently, in bacteria. In bacteria, they are 
most often associated with insertion sequence 
elements (Ferat et al., 1994; Knoop and 
Brennicke, 1994; Kulaeva et al., 1998; Martinez- 
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Abarca et al., 1998), conjugative transposons 
(Mullany et al., 1996), conjugative plasmids 
(Mills et al, 1996), and chromosomal sex factors 
(Shearman et al, 1996), suggesting that these 
elements can be disseminated via horizontal 
transfer. Homing by mobile group II introns 
results in unidirectional, lateral transposition of 
the intron to a specific site within an intron-less 
copy of the intron’s normal host gene. Group II 
homing is unique in that it does not require 
recombinase activity, is not critically dependent 
on exon homology, and occurs without marker 
conversion in flanking exons (Cousineau et al., 
1998). These properties are conducive to inter- 
species spread of the introns, which may account 
for the wide distribution in prokaryotes and 
eukaryotes. A possible role for group II introns 
in the transfer and evolution of biodegradative 
functions is suggested by studies by Yeo et al. 
(1997), who demonstrated that when a conjuga- 
tive plasmid was utilized to capture genes 
responsible for 2,5-xylenol catabolism, a group II 
intron was concurrently trapped on the plasmid. 
Mobile group II introns can be re-targeted and 
used for highly specific chromosomal gene 
disruption. Consequently, these introns have 
been proposed as a useful tool for genetic 
engineering and functional genomics (Karberg 
et al., 2001). 

The aromatic catabolic cluster includes genes 
responsible for catabolism of naphthalene, 
biphenyl, and m-xylene. Seven sets of oxygenase 
large and small subunits are present on pNLl. 
Enzymes belonging to this family typically cata- 
lyze the initial ring oxidation step in aromatic 
catabolic pathways. The duplication of these 
genes, but not those that encode enzymes needed 
for further conversion of oxygenase catabolic 
products to catechol, suggests that the enzymes 
they encode may be responsible for the broad 
substrate specificity of N. aromaticivorans strain 
FI 99. Analysis of the genome sequence also 
showed duplication of genes encoding cyto- 
chrome c and flavocytochrome methylhydroxy- 
lase components of enzymes that likely catalyze 
the initial oxidation of substrates such as p- 
cresol, vanillyl alcohol, and eugenol. 

Surprisingly, instead of being clustered by the 
catabolic pathway in which their products par- 
ticipate, catabolic genes in N. aromaticivorans 
FI 99 plasmid pNLl are co-located with those 
for other types of catabolic enzymes within 
eleven putative operons. The DNA sequences in 
the catabolic gene-encoding region of pNLl 
have approximately 70% identity to sequences 
available for S. yanoikuyae B1 (Kim, 1996a) and 
S. xenophaga BN6 (GenBank accession number 
U65001). While the gene order and orientation 
of the compared genes in strains B1 and 
FI 99 are identical, two genes that encode puta- 



tive membrane proteins are absent in strain B1 
and a third membrane-encoding gene in strain 
B1 has an insertion sequence (Fig. la). In strain 
BN6, gene deletions, insertions, and rearrange- 
ments relative to pNLl result in inactivation or 
deletion of the catechol extradiol cleavage genes 
and m-xylene catabolic genes (Fig. lb). Unlike 
strain F199, strains B1 (Gibson et al., 1973) and 
BN6 (Stolz et al., 2000) were isolated from 
waters contaminated with anthropogenic aro- 
matic hydrocarbons. One can speculate that 
these strains share a common ancestor with 
FI 99 and that the selective pressures produced 
by the pollutants resulted in genetic recombina- 
torial events that improved the ability of these 
strains to compete and to grow on man-made 
aromatic hydrocarbons. The Middendorf forma- 
tion sediments from which strain FI 99 was iso- 
lated are estimated to have been deposited 
about 100 million years ago, and the groundwa- 
ter that flows through this formation has been 
dated at 4,000 years of age (Fredrickson et al., 
1999; Murphy et al., 1992). TTe primary carbon 
and energy source available to microorganisms 
living in these sediments is recalcitrant sedimen- 
tary organic matter or lignite. The heterogeneity 
of lignite and the extremely slow rates of carbon 
exchange in these sediments may explain why 
strain FI 99 maintains so many aromatic cata- 
bolic genes and the absence of transposons or 
similar mobile elements in the regions that 
encode them. 



Ecology 

Although sphingomonads have been isolated 
from a wide range of environments and the phys- 
iological and metabolic properties of select 
strains have been examined in detail, relatively 
little is known regarding the ecology of this 
diverse group of microorganisms. Two aspects of 
their metabolism probably contribute to their 
widespread distribution in the environment: 
their ability to utilize a wide range of organic 
compounds and their ability to grow and survive 
under low-nutrient or starvation conditions. 
Sphingomonas is a dominant member of the 
picoplankton population in some marine envi- 
ronments, as evidenced by the isolation of S. 
alaskensis from a 10^ dilution of seawater from 
near Cape Muroto, Japan, where the standing 
bacterial count was 3.1 x 10^ cells • mU 
(Eguchi et al., 2001). Similarly, seven phyloge- 
netically related strains of S. alaskensis were iso- 
lated from a 10^-fold dilution of seawater from 
Resurrection Bay, a deep fjord of the Gulf of 
Alaska (Vancanneyt et al., 2001). The physiolog- 
ical properties of these strains, as described ear- 
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Her, showed that they are well adapted to life in 
oligotrophic marine environments. Sphingomo- 
nas isolates were also among psychrotrophic bac- 
teria cultured from Antarctic sea ice (Bowman 
et al, 1997) and from water collected at the 
mouth of Yaquina Bay, Oregon (Suzuki et al, 
1997). The widespread distribution and numeri- 
cal abundance of these organisms suggest that 
they play an important role in the cycling of car- 
bon and other nutrients in marine environments. 
In addition to general ecological roles in nutrient 
cycling, Sphingomonas has also been identihed 
as the pathogenic agent of coral plague, a disease 
that was hrst identihed on coral of the Florida 
Reef Tract in 1995 and has spread rapidly since 
(Richardson, 1997; Richardson et al., 1998). A 
strain of S. paucimobilis served as a host for sev- 
eral temperate marine phage (Jiang et al., 1998). 
Although the extent of this association in nature 
is unknown, the interactions between marine 
viruses and their hosts likely have a signihcant 
impact on the genetic diversity and composition 
of marine microbial communities. Additional 
investigations will most likely reveal even more 
extensive ecological roles of Sphingomonas in 
marine environments. 

Consistent with the idea of sphingomonads 
being adapted to oligotrophic environments and 
having the ability to assimilate a wide range of 
organic compounds was the isolation of three 
new species of Sphingomonas (now renamed 
''Novosphingobium'' species) from deeply bur- 
ied (>200 m below land surface) sediments of the 
Atlantic Coastal Plain (ACP) of the eastern 
United States (Fredrickson et al., 1995). The 
organic carbon content of the groundwater from 
ACP aquifers is generally very low, <0.5 mg • 
liter“\ but sedimentary organic carbon can be as 
high as 1.7% (wt/wt; Fredrickson et al., 1999). We 
have previously suggested that the extensive cat- 
abolic capabilities (e.g., assimilation of aromatic 
compounds) of these deep subsurface strains 
might be a result of their adaptation to growth 
on a range of structurally diverse organic com- 
pounds that are only slowly released from solid 
phase carbon associated with buried sediments. 
Although the distribution of sphingomonads in 
the deep subsurface has not been investigated 
extensively, they have also been isolated from 
deep sediments from the United States Depart- 
ment of Energys Hanford Site in south-central 
Washington (Balkwill et al., 1997b; Chandler 
et al., 1998). Even less is known about the ecol- 
ogy of sphingomonads in the terrestrial subsur- 
face than in marine environments, but they likely 
hll a similar niche as oligotrophic heterotrophs 
that contribute to the turnover of organic carbon 
and perhaps other nutrients. 

Many strains of sphingomonads with novel 
biodegradative properties have been isolated 



from contaminated soils and sediments (see 
Tables 4 and 5). They have also been detected in 
contaminated sediments with molecular-based 
techniques (Kasai et al., 2001). These hndings 
suggest that the sphingomonads have an impor- 
tant ecological role in contaminated environ- 
ments, but specihc information in this regard is 
limited. There is some evidence, however, that 
organic contaminant-degrading strains of sphin- 
gomonads are able to compete effectively for 
resources in contaminated environments and, 
in some cases, may be the primary organisms 
responsible for removal of the contaminants. A 
fluidized bed reactor that was utilized to treat 
polychlorophenol-contaminated groundwater in 
Finland for over six years was dominated by 
Novosphingobium sp. strain Ml, which could 
biodegrade the three main contaminants at the 
in situ temperature of 8°C (Tirola et al., 2002). A 
strain of S. paucimobilis that degrades 2,4- 
dichlorophenoxyacetic (2,4-D) acid (strain 745) 
was the second most dominant population (after 
a genetically constructed strain of Pseudomonas 
cepacia) in a Kansas prairie soil that was treated 
with 2,4-D and inoculated with four strains of 
2,4-D-degrading bacteria (Ka et al., 1994; Kim 
et al., 1996b). Although a strain of S. paucimobi- 
lis that degrades hexachlorocyclohexane was 
observed to survive poorly after it was inocu- 
lated into an unamended control soil, it survived 
and grew in contaminated soil, especially inside 
of soil aggregates less than 0.025 mm in diameter 
(Nishiyama et al., 1992). Contaminant-degrading 
sphingomonad strains have been shown to effec- 
tively degrade organic contaminants when inoc- 
ulated into subsurface sediment (Fredrickson 
et al., 1999) or soil (Halden et al., 1999). They 
also maintained higher population densities 
in the presence of the contaminant than in its 
absence. These findings indicate that sphin- 
gomonads can utilize contaminants as a growth 
and energy source and that they can compete 
successfully with the indigenous organisms in 
complex environments. 



Disease 

Although it is widespread in other environments 
(Table 5), Sphingomonas paucimobilis (formerly 
Pseudomonas paucimobilis) also has a long 
history of being associated with equipment in 
hospitals and with various types of clinical spec- 
imens. When Holmes et al. (1977) described 
Pseudomonas paucimobilis, 22 of 28 strains 
included in the new species had come from hos- 
pital equipment, liquid solutions used in hospi- 
tals, or clinical specimens. At least one strain of 
three additional Sphingomonas species {S. 
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adhaesiva, S. parapaucimohilis and S. sanguinis) 
and one strain of Sphingobium yanoikuyae have 
also been isolated from various clinical sources 
(Tables 4 and 5). Strains of S. paucimohilis are 
thought to be widespread and endemic members 
of the microbiota in hospitals (Reina et al, 
1991). Equipment and other sources from which 
they have been isolated include various types of 
respiratory therapy items, humidifiers, water, air, 
bedside water bottles, sinks, temperature probes, 
etc. (Holmes et al., 1977; Crane et al., 1981; 
Faden et al., 1981; Reina et al., 1991; Lemaitre et 
al., 1996). Clinical specimens from which strains 
of S. paucimohilis have been obtained include 
blood cultures, vaginal swabs, urine, sputum, 
tracheal secretions, sinus washings, spinal fluid, 
etc. (Holmes et al., 1977; Crane et al., 1981; 
Faden et al., 1981; Morrison and Schulman, 1986; 
Lemaitre et al., 1996). 

The occurrence of S. paucimohilis in a clini- 
cal specimen does not necessarily mean that 
the organism is causing an infection. For exam- 
ple, Faden et al. (1981) investigated an incident 
in a hospital in which P. paucimohilis was iso- 
lated from maxillary sinus washings four times 
in five weeks. There was no indication that the 
patients examined in this incident had active 
cases of sinusitis. Rather, the bacterium 
appeared to be present as a noninfectious con- 
taminant. The source of the contamination was 
identified as a leaking sink, under which a 
saline solution used to cleanse sinuses was 
stored. Similarly, Lemaitre et al. (1996) investi- 
gated a situation in which S. paucimohilis was 
isolated from the tracheal secretions of 85 
mechanically ventilated babies in a neonatal 
intensive care unit. Fortunately, none of the 
neonates developed pneumonia or sepsis. The 
source of the contamination was traced to the 
temperature probes of respiratory ventilators 
used in the hospital. 

Although S. paucimohilis is sometimes present 
in clinical specimens as a noninfectious contam- 
inant, it is capable of causing active infections in 
humans, albeit somewhat infrequently. Through 
1991, at least 18 cases of infections attributed to 
S. paucimohilis were described in the literature 
(see reviews by Morrison and Schulman [1986] 
and Reina et al. [1991]). Among these infections 
were six cases of bacteremia (bacterial infections 
of the bloodstream), two leg ulcers, four cases of 
peritonitis (in patients undergoing chronic 
ambulatory dialysis), a brain abscess, a cervical 
adenopathy, a splenic abscess, a respiratory 
infection, a urinary infection, and a single case of 
meningitis. Sporadic reports of S. paucimohilis 
infections (mostly cases of bacteremia, but also 
urinary, respiratory, and wound infections) have 
continued to appear since the Reina et al. (1991) 
review (e.g., Lemaitre et al., 1996; Martino et al.. 



1996; Gorricho et al., 1998; Hsueh et al., 1998; de 
Otero et al., 1998; Paster et al., 2002; Perola 
et al., 2002). 

Fortunately, infections by S. paucimohilis are 
seldom serious or life threatening, so long as 
they are treated properly. Apparently, S. pauci- 
mobilis has limited virulence in comparison to 
Pseudomonas and other genera that have been 
associated with similar infections and sources of 
contamination (Morrison and Shulman, 1986; 
Reina et al., 1991; Hsueh et al., 1998). The reason 
for this is not known, although it has been sug- 
gested that the relative lack of virulence is a 
result of the absence of lipopolysaccharide (LPS) 
and its associated endotoxins in Sphingomonas 
and other genera with GSLs in their envelopes 
(Hsueh et al., 1998). In any event, infections 
caused by S. paucimohilis can be treated effec- 
tively with antibiotics. Antibiotic susceptibility 
patterns have been studied in some detail 
(Gilardi, 1984; Reina et al., 1991), and these 
should be kept in mind when deciding on a 
specific course of treatment. 

As noted elsewhere in this chapter, Sphin- 
gomonas paucimohilis and related species are 
able to survive in a rather broad range of 
environments. This is consistent with their 
appearance as contaminants in many different 
hospital-related reservoirs of infection (equip- 
ment, solutions, water systems, etc.). Given the 
near ubiquity and considerable adaptability of 
these organisms, it might be almost impossible to 
prevent occasional S. paucimohilis- related noso- 
comial infections of humans, even when treat- 
ment facilities exercise rigorous precautionary 
measures. 

The ability of S. paucimohilis to infect humans 
is now well established, but it remains to be seen 
whether members of Sphingomonas, Sphingo- 
hium, Novosphingobium and Sphingopyxis can 
cause diseases in plants. Several strains of these 
genera were isolated from the root systems of 
various plants (see Tables 4 and 5), but there is 
little or no detailed information on the nature of 
the relationship between these bacteria and the 
plants from which they were isolated. To the best 
of our knowledge, there are no indications that 
the bacteria are pathogenic to the extent that 
they are harmful to the plants with which they 
are associated; they are likely to be saprophytic. 
Sphingomonas suherifaciens is the only con- 
firmed plant pathogen in the four Sphingomo- 
/ra^-related genera described by Takeuchi et al. 
(2001). However, these authors recommended 
that this species be transferred back to its former 
designation {Rhizomonas suherifaciens) because 
the inclusion of phytopathogenic forms created 
a genus that was too broad in terms of its ecolog- 
ical and physiological characteristics (see the sec- 
tion Taxonomy and Phytogeny in this Chapter). 
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Given that strains isolated from root systems 
were left in the genus, it appears that Takeuchi 
et al. (2001) did not consider these organisms to 
be plant pathogens. 



Biotechnological Applications 

Their metabolic diversity and ability to produce 
extracellular gellan-like polysaccharide (sphin- 
gans) has generated much interest in sphin- 
gomonads for biotechnological applications, and 
numerous patents utilizing members of this 
group exist world-wide. General categories of 
these patents include novel catalyses, biore- 
mediation, fossil fuel desulfurization, novel 
enzymes, biotin production, and polysaccharide 
production. 

Sphingans have a wide range of applications 
in the food, pharmaceutical, petroleum and 
other industries (Sutherland, 1999). One inter- 
esting and novel application of the extracellular 
polysaccharide (EPS) produced by S. paucimo- 
bilis GS-1 is as a drilling fluid component in oil 
exploration because its relative stability of vis- 
cosity under extremes of pH, temperature and 
salinity, as well as emulsification properties 
(Shah and Ashtaputre, 1999). Sphingomonas will 
likely continue to be an important source of 
organisms for research and development of 
novel exopolysaccharides. 

Biocatalytic transformations, including the 
degradation of hazardous organic compounds 
and the conversion of commonly occurring 
organics to novel or specialty chemicals, have 
also been among the important applications of 
sphingomonads. A two-phase partitioning biore- 
actor containing S. aromaticivorans achieved 
complete biodegradation of naphthalene, 
phenanthrene, acenaphthene and anthracene at 
volumetric consumption rates of 90 mg • liter“^ • 
h“^ (Janikowski et al., 2002). A strain of S. pauci- 
mohilis has also been used to bioremediate 
hexachlorocyclohexane-contaminated soil, in 
which case greater than 95% removal of the 
contaminant occurred within two months after 
inoculation (Senoo et al., 1996). Sphingomonads 
appear to be ideally suited for bioremediation 
applications because of their ability to complete 
and proliferate in contaminated soils and 
sediments. 

Sphingomonas sp. strain HXN-200 has proven 
to be an excellent biocatalyst for the regio- and 
stereoselective hydroxylation of pyrrolidines (Li 
et al., 1999; 2001), A-substituted azetidines and 
piperidines (Chang et al., 2002) and pyrrolidin- 
2-ones (Chang et al., 2000). Because of their 
extensive intrinsic catabolic capabilities and 
amenability to genetic manipulation, sphin- 



gomonads are amenable to genetic engineering 
to obtain strains with improved properties 
(Vartak et al., 1995; Van Kranenburg et al., 
1999). 
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Introduction 

Formerly belonging to the genus Flavobacte- 
rium, the genera Empedobacter and Myroides 
have now been included in the family Flavobac- 
teriaceae as set out in the introductory chapter 
on Flavobacteriaceae of this edition (see An 
Introduction to the Family Flavobacteriaceae in 
this Volume by Bernardet and Nakagawa). Both 
these genera are known to have a clinical origin 
and to be resistant to a wide range of antimicro- 
bials. The aim of this chapter is to give the reader 
more detail on the taxonomy, phytogeny, habitat, 
isolation and preservation, identification, patho- 
genicity and applications of these genera. 

Taxonomy and Phylogeny 

Members of both genera, Empedobacter and 
Myroides, were formerly included in the genus 
Flavobacterium, family Bacteriaceae, tribe 
Chromobacterieae, and were known as Fla- 
vobacterium breve (Bergey et al., 1923) and Fla- 
vobacterium odoratum (Stutzer and Kwaschnina, 
1929), respectively. These genera have now been 
included as two of the 25 genera of the family 
Flavobacteriaceae (Reichenbach, 1989). The 
phylogeny and taxonomy of this family are 
discussed in detail by Bernardet and Nakagawa 
in Introduction to Flavobacteriaceae in this 
Volume. 

Empedobacter 

This organism was isolated for the first time in 
1888 by Mori from canal water and was simply 
known as “the short canal bacillus” (Mori, 1888). 
In 1890, Lustig named it ‘‘Bacillus brevis,'' the 
only validly published name of this organism 
until 1994. This name was also used by 
Frankland and Frankland (1894). After that, this 
organism was given a variety of names which, 
unfortunately, were not validly published, 
namely “Bacillus canalicolis brevis" (Cornil 
and Babes, 1890), “Bacillus canalis parvus" 
(Eisenberg, 1891), “Bacterium canalis parvus" 
(Chester, 1897), “Bacterium canale" (Mez, 



1898), “Pseudobacterium brevis" (Krasil’nikov, 
1949), and “Empedobacter breve" (Prevot, 
1961). 

In 1923, Bergey et al. transferred Bacillus 
brevis to the color genus Flavobacterium (which 
they created) as F brevis; this name was used by 
Stutzer and Kwaschnina (1929) for their isolates. 
In the eighth edition of Ber gey’s Manual, Weeks 
(1974) corrected the epithet to Flavobacterium 
breve. In conjunction with an emended descrip- 
tion of the genus. Holmes and Owen (1979a) 
made a request to reject Flavobacterium aquatile 
and to replace it with F breve as the type species 
of the genus. The Judicial Commission of the 
International Committee on Systematic Bacteri- 
ology, however, denied this request, stating that 
there was no real potential for confusion if F 
aquatile was retained, nor were there strong 
arguments found in the International Code of 
Nomenclature of Bacteria for rejecting F aquatile 
as the type species of the Flavobacterium genus 
(Wayne, 1982). 

Lustig (1890) did not designate the type strain 
of B. brevis, and no neotype strain appears to 
have been proposed for this species until Holmes 
et al. (1978) proposed NCTC 11099, isolated 
from bronchial secretions, as the neotype strain 
of F breve. Despite being phenotypically homo- 
geneous, strains of F. breve were found to be 
genomically heterogeneous (Owen and Holmes, 
1980; Ursing and Bruun, 1991). 

In 1994, Vandamme et al. proposed new genus 
names for some of the species in Flavobacterium 
after extensive genotypic, chemotaxonomic and 
phenotypic studies. Instead of proposing a 
new name for F. breve, they proposed reviving 
the name Empedobacter (Prevot, 1961) and 
renamed F. breve “Empedobacter brevis." 

Myroides 

Isolated for the first time in 1923, members of the 
genus Myroides have historically been classified 
as Bacterium faecale aromaticum (Stutzer, 1923) 
and later as Flavobacterium odoratum (Stutzer 
and Kwaschnina, 1929). No further mention of 
this organism was made in the literature until 



CHAPTER 6.11 

1977, when Holmes et al. examined nine clinical 
isolates and identified them as E odoratum.ThQy 
gave a revised description of Flavohacterium and 
proposed a neotype strain for E odoratum 
(NCTC 11036 = ATCC 4651). In this and a sub- 
sequent study (Holmes et al, 1979b), it was 
found that three strains of CDC Group M-4f 
(Tatum et al., 1974) were identical to E odora- 
ti/m. These strains were originally assembled and 
placed into groups by the late Elizabeth O. King 
and her successors (King, 1959; Tatum et al., 
1974). Elavohacterium odoratum was, however, 
not included in the list of species of flavobacteria 
in the Ber gey’s Manual of Systematic Bacteriol- 
ogy until 1984 (Holmes et al., 1984). 

It was suggested by several authors that E 
odoratum should be classified in a separate genus 
on the basis of phenotypic and phylogenetic 
differences (Holmes and Owen, 1981; Holmes et 
al., 1984; Gherna and Woese, 1992; Nakagawa 
and Yamasato, 1993; Bernardet et al., 1996). 
Heterogeneity on the basis of colonial mor- 
phology, nutritional features, fatty acid profiles, 
and genomic relatedness among E odoratum 
strains, were, however, also observed (Owen and 
Holmes, 1978; Rasoamananjara et al., 1986; 
Rasoamananjara et al., 1987). It was only in 1996 
that Vancanneyt et al. performed an extensive 
polyphasic taxonomic analysis and reclassified E 
odoratum into a new genus as Myroides odoratus 
(type strain, ATCC 4651). They also described an 
additional species, namely Myroides odoratimi- 
mus (NCTC 11180). 



Habitat 

Clinical Isolates 

Although originally isolated from canal water, 
Empedobacter is mainly known to have a clinical 
origin, although it accounts for less than 0.1% of 
all clinical isolates of nonfermentative Gram- 
negative bacteria (G. L. Gilardi, personal com- 
munication, cited in Pickett et al., 1991). Stutzer 
and Kwaschnina (1929) were the first investiga- 
tors to report the isolation of this organism from 
a clinical source, namely feces from a patient 
with relapsing fever. Since then, Empedobacter 
strains have been isolated from human eyes 
(swabs), bronchial secretions, peritoneal fluid, 
dialysis fluid, serous cavity fluid, cervixes and 
vaginas (swabs), wounds, blood, and urine 
(Holmes et al., 1978; Bruun, 1982). 

Although it is not regarded as a component of 
the human microflora, Myroides accounts for 
0.2% of all clinical isolates of nonfermentative. 
Gram-negative bacteria (Pickett et al., 1991). 
The first Myroides strains isolated were from the 
human intestine (Stutzer, 1923; Stutzer and 
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Kwaschnina, 1929). Since then this organism has 
been isolated from human urine, feces, wound 
discharge, sputum and blood (Holmes et al., 
1979b; Bruun, 1982; Shewan and McMeekin, 
1983; Rubin et al., 1985; Pickett et al., 1991). 
Although the source is uncertain, water in the 
hospital environment is frequently suspected of 
carrying this organism. It was speculated that the 
strain that caused necrotizing fasciitis and bacte- 
remia in a 71 -year-old female farmer in Taiwan 
gained access via a trivial wound contaminated 
with soil or water (Hsueh et al., 1995). 

Environmental Isolates 

Although the first Empedobacter and Myroides 
strains were primarily isolated from clinical 
sources, a number of recent studies have 
indicated that they are widely distributed in the 
environment, especially water. This accounts for 
their apparent presence in many habitats (e.g., 
Herman [1981] and Shewan and McMeekin 
[1983]). 

Empedobacter brevis and Flavobacterium odo- 
ratum {Myroides odoratus) together with other 
bacteria were isolated from stable fly eggs and 
were found to be necessary to complete the 
development of stable fly larvae (Lysyk et al., 
1999). These organisms were also isolated from 
South Atlantic fish species at the processing site 
and were considered potential active spoilers of 
the fish (i.e., producers of off-odors; Engelbrecht 
et al., 1996). An Empedobacter strain and two 
Myroides odoratus strains were also isolated 
from freshwater fish skin, the water of the sam- 
pling site, and the air during chill storage of the 
freshwater fish, but were not considered impor- 
tant contributors to the spoilage of these fish 
(Gonzalez et al., 2000). 

In the food environment, Myroides strains 
have been isolated from dairy sources and shown 
to produce thermostabile proteases and lipases 
which may play a role in the spoilage of dairy 
products (Griffiths et al., 1981; Zahran and Al- 
Saleh, 1997). They could, however, not be 
isolated from dairy sources by Jooste et al. 
(1985). In a study by Hebbar et al. (1991), E 
odoratum was isolated from roots and crowns of 
the sunflower plant {Helianthus annuus), where 
it acted as one of the antagonistic bacteria to 
fungal pathogens. Chourasia (1995) isolated this 
organism from the geocarposphere of peanuts 
{Arachis hypogaea). 

It was found that in food processing plants, 
welding of stainless steel surfaces has no signifi- 
cant influence on short-term accumulation of 
Listeria monocytogenes or a three-member bac- 
terial consortium (including two Myroides odo- 
ratus strains) that was isolated from weldments 
in a seafood processing plant (Tide et al., 1999). 
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In a study by Bremer et al. (2001), it was, how- 
ever, found that the attachment of Listeria 
monocytogenes to stainless steel increased 
significantly in the presence of Myroides odora- 
tus strains as contaminating organisms of food 
surface areas. 



Isolation and Preservation 

The flavobacteria in general are not difficult to 
isolate, since they are chemo-organotrophic 
(Holmes, 1992). The general (nonselective) iso- 
lation, maintenance and preservation media 
used for culturing members of the Flavobacteri- 
aceae are discussed in detail by Jooste and Hugo 
(1999) and Hugo and Jooste (2003). 

Plate count agar containing 0.5% NaCl was 
used to isolate Empedohacter and Myroides 
strains from Cape marine fish (Engelbrecht 
et al., 1996) while tryptone soya agar (Oxoid) 
was used to isolate Empedohacter and Myroides 
odoratus from freshwater fish (Gonzalez et al., 
2000 ). 

For the isolation of Myroides odoratus from 
the geocarposphere of peanut, 5% trypticase soy 
agar (Bacto tryptone, 17 g; Bacto soy tone, 3 g; 
Bacto dextrose, 2.5 g; sodium chloride, 5 g; dipo- 
tassium phosphate, 2.5 g; Bacto agar, 20 g; and 
distilled water, 1 liter) and PAF (Bacto peptone, 
10 g; proteose peptone, 10 g; potassium phos- 
phate, 1.5 g; magnesium sulfate, 1.5 g; Bacto agar, 
15 g; and distilled water, 1 liter) were used 
(Chourasia, 1995). 

Cultivation of Empedohacter and Myroides 
strains has been reported on nutrient agar 
(Holmes et al., 1978; Yagci et al., 2000) and heart 
infusion medium with 5% rabbit blood (Dees 
et al., 1986). Cultivation of Myroides species has 
been reported in nutrient broth No. 2 (Oxoid; 
Owen and Holmes, 1978) and trypticase soy agar 
(BBL; Vancanneyt et al., 1996). 

Although no specific medium is known for 
the selective isolation of Empedohacter and 
Myroides species, (3-hydroxybutyrate agar and 
MacConkey agar may be used for the enumera- 
tion of Myroides, E. hrevis, Chryseohacterium 
and Weeksella (Bernardet et al., 1996; Weyant 
et al., 1996; Jooste and Hugo, 1999). Selective 
media on which Empedohacter and Myroides 
species will not grow include nutrient broth con- 
taining 6% NaCl and Simmons citrate agar 
(Holmes et al., 1977; Jooste and Hugo, 1999). 
Empedohacter strains will also not grow on 
Salmonella-Shigella agar (Tatum et al., 1974; 
Holmes et al., 1978; Weyant et al., 1996; Jooste 
and Hugo, 1999). 

For the preservation of Empedohacter and 
Myroides species, the general media used for 
flavobacterial maintenance may be used. These 



media include PMYA II (peptonized milk yeast 
extract agar; Christensen and Cook, 1972) and 
Dorset egg medium in a screw-capped bijou 
bottle stored at 4®C (Cowan, 1974; Holmes et al., 
1984). For longer periods of preservation, 
isolates may be freeze-dried (Holmes, 1992), or 
agar slant culture growth (18-h old) can be sus- 
pended in defibrinated rabbit blood placed in 
suitable containers and frozen in a mixture of dry 
ice and alcohol prior to storage at -50''C (Holmes 
et al., 1984). 

Identification 

Methods for the identification of members of the 
Flavobacteriaceae are described by Bernardet 
et al. (2002). General identification methods and 
characteristics (chemotaxonomically significant 
components [respiratory quinones, fatty acids, 
etc.], production of enzymes, pigments, gliding 
motility, salt requirement, and capnophilic 
metabolism) of the Flavobacteriaceae are also 
discussed in detail in An Introduction to the 
Family Flavobacteriaceae in this Volume by Ber- 
nardet and Nakagawa. Only the morphological 
and phenotypical characteristics of Empedo- 
hacter and Myroides will be discussed in this 
chapter, since they play such an important role 
in differentiating the two genera. 

Morphology 

Members of both genera are Gram-negative, 
nonsporeforming rods that are 0.5 pm in diame- 
ter and 1-2 pm long with parallel sides and 
rounded ends. Longer rods of Empedohacter 
may be observed (Holmes et al., 1984; 
Vandamme et al., 1994). In Myroides species, 
longer rods and long chains (containing 4-10 
cells) may occur in broth medium (Holmes et al., 
1977). 

They are nonmotile (i.e., cellular gliding and 
swarming of colonies are absent). Cells lack 
flagella (Holmes et al., 1978; Holmes et al., 
1979b; Bernardet et al., 2002). 

Pigmentation is light yellow (in both genera), 
of the flexirubin type, nonfluorescent, and insol- 
uble in solid media (Holmes, 1992; Bernardet 
et al., 2002). The yellow hue of Empedohacter 
does not change with variation of medium or 
temperature (Holmes et al., 1984). Empedo- 
hacter colonies on nutrient agar at 30°C are pin- 
point (to 2.0 mm), low convex, circular, smooth 
and shining and have an entire edge. On blood 
agar the colonies are pinpoint (to 2.5 mm; 
Holmes et al., 1984; Vandamme et al., 1994; 
Bernardet et al., 2002). 

In Myroides species, four colony types may 
occur after incubation for 24 h on nutrient agar 
(Holmes et al., 1979b). Colony type 1 produces 
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effuse, spreading colonies (3-4 mm in diameter) 
with raised, shiny centers and dull, matt, spread- 
ing edges. On further incubation, the whole col- 
ony becomes smooth and shiny. Colony type 2 
shows the same appearance after 24 h as colony 
type 1 shows, but the colonies are smaller, about 
1.0-1. 5 mm in diameter. Colony type 3 is smooth, 
shiny, and convex with no spreading edge and 
with a diameter of 0. 5-1.0 mm after 24 h. Colony 
type 4 is mucoid. A characteristic fruity odor is 
produced by most strains (Holmes et al., 1977; 
Bruun, 1982; Rubin et al., 1985; Vancanneyt 
et al., 1996). 



Phenotypic Identification and Physiology 
Empedobacter 

Both genera are strictly aerobic with 
menaquinone 6 as the major respiratory 
quinone. Both genera will grow at 25°C and 
30°C, but not at 5°C or 42°C. All Myroides and 
most Empedobacter strains will grow at 37°C, but 
most Empedobacter strains will only produce 
acid from carbohydrates when incubated at 
30°C. Prolonged incubation may then be neces- 
sary (up to 17 days; Holmes et al., 1978; Bruun, 
1982; Bernardet et al., 2002). 

Strong proteolytic activity occurs in both 
genera. Both genera will grow on MacConkey 
agar as well as on (3-hydroxybutyrate agar. Both 
genera produce DNase, urease, oxidase, catalase 
and phosphatase. Indole is produced in Empedo- 
bacter but not in Myroides. Both genera degrade 
gelatin. While starch is not degraded by Myroi- 
des, results vary for Empedobacter. Neither of 
the genera produces p-galactosidase, reduces 
nitrate, or degrades agar and esculin. Myroides 
species reduce nitrite. In Empedobacter, several 
carbohydrates (not glycerol or trehalose) are 
oxidized. In Myroides there is no carbohydrate 
utilization (Holmes et al., 1978; Holmes et al., 
1979b; Holmes et al., 1984; Bernardet et al., 
2002). The differential characteristics of Empe- 
dobacter and Myroides are given in Table 1. 

Both genera are known for their resistance to 
a wide range of antimicrobials (Holmes et al., 
1984; Vandamme et al., 1994). Myroides in 
particular are resistant to the following 
groups of antimicrobials (although variability 
exists between reported cases): p-lactams, 

aminoglycosides, tetracyclines, quinolones and 
trimethoprim-sulfamethoxazole (Holmes et al., 
1979b; Strandberg et al., 1983; Macfarlane et al., 
1985; Hsueh et al., 1995; Yagci et al., 2000). 
Although an R plasmid conferring resistance to 
ampicillin, carbenicillin, and erythromycin has 
been reported in a strain of M. odoratus (Kono 
et al., 1980), plasmids have not been detected in 
Myroides species since then. Resistance in these 



Table 1. Differential characteristics of Empedobacter and 
Myroides. 



Characteristic 


Empedobacter 


Myroides 


Growth at 


37°C 


+a 


+ 


Acid production from 


Glucose 


+ 


-a 


Maltose 


+ 


- 


Production of 


Pigment (flexirubin type) 


(+) 


(+) 


Urease 


V 


+ 


Indole 


+ 


- 


Reduction of 


Nitrite 


- 


+ 


Degradation/hydrolysis of 


Starch 




- 


Tyrosine 


V 


V 


Carbohydrate utilization 


V 


- 


Resistance to Pen G 


+ 


+ 


G+C content (mol%) 


31-33 


30-38 



Symbols and abbreviations: a, most strains are positive or 
negative for this characteristic. 

+, positive reaction; (+), weak positive reaction; negative 
reaction; V, varies within and/or between species: V, varies 
between references; and Pen G, penicillin G. 

From Holmes et al. (1978, 1979, 1984) and Bernardet et al. 
( 2002 ). 

organisms is, therefore, possibly associated with 
chromosomal genes (Holmes, 1992). 

The dominant fatty acids in Empedobacter are 
15:0 iso, 16:ly7c, 16:ly5c, 16:0, 16:0 30H and 17:0 
iso 30H (Oyaizu and Komagata, 1981; Dees et 
al., 1986; Vandamme et al., 1994). The DNA con- 
tains 31-33 mol% G+C (Vandamme et al., 1994; 
Bernardet et al., 2002). 

The dominant fatty acids of Myroides species 
are 15:0 iso, 15:0 iso 30H, 16:0 30H, 17:0 iso 
30H, and 17:1 iso y9c (Oyaizu and Komagata, 
1981; Dees et al., 1986; Vancanneyt et al., 
1996). The DNA contains 30-38 mol% G+C 
(Vancanneyt et al., 1996; Bernardet et al., 2002). 

The two species of Myroides, M. odoratus and 
M. odoratimimus, are difficult to differentiate 
phenotypically. Small differences were, however, 
found in carbon source assimilation (Biotype 
100, bioMerieux) and oxidation (Biolog GN 
MicroPlate assays; Vancanneyt et al., 1996). The 
differential characteristics between the two 
species are given in Table 2. 

Pathogenicity 

Empedobacter 

This organism was isolated for the first time in 
1888 from canal water and found to be patho- 
genic to laboratory animals such as guinea pigs, 
mice and rabbits, but not pigeons (Holmes et al., 
1978). Stutzer and Kwaschnina (1929) and 
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Characteristic 



M. odoratus 



M. odoratimimus 



Growth on Biotype 
100 carbon sources 



Biolog GN MicroPlate 
oxidation of 95 
carbon sources 



Major fatty acids 



Negative for all 



Positive for all 



15:0 iso, 15:0 iso 30H, 

15:0 anteiso, 16:0 30H, 

17:0 iso 30H, and 17:1 iso co9c 



Positive for 

L-aspartate, L-glutamate and L-proline 
Variable for 

L-malate, succinate and fumarate 
Positive for 

Tween 40, Tween 80, methylpyruvate, monomethylsuccinate, 
acetic acid, a-hydroxybutyric acid, a-ketovaleric acid, DL- 
lactic acid, propionic acid, succinic acid, bromosuccinic acid, 
succinamic acid, alaninamide, L-alanine, L-alanylglycine, 
L-asparagine, L-aspartic acid, L-glutamic acid, glycyl-L- 
aspartic acid, glycyl-L-glutamic acid, L-leucine, L-ornithine, 
L-proline, L-serine, L-threonine, inosine, uridine and 
thymidine 
Variable for 

L-Fucose, formic acid, p-hydroxybutyric acid, 
y-hydroxybutyric acid, a-ketoglutaric acid, L-histidine, 
L-phenylalanine, D -serine, urocanic acid, phenyl ethylamine, 
2,3-butanediol, and glycerol 

13:0 iso, 15:0, 15:0 iso, 15:0 iso 30H, 16:0 30H, 17:0 iso 30H, 
17 : 1 iso co9c, and summed feature 4 



Abbreviations: 15:0, pentadecanoate; 15:0 iso, 13-methyl-tetradecanoic acid; 15:0 iso 30H, 3-hydroxy-13-methyl- 
tetradecanoic acid; 13:0 iso, 11-methyl-dodecanoic acid; 16:0 30H, methyl 3-hydroxyhexadecanoate; 17:0 iso, 15-methyl- 
hexadecanoic acid; 15:0 anteiso, 12-methyl-tetradecanoic acid; 17:1 iso co9c, 15-methyl-cis-delta-7-hexadecanoic acid; 
summed in feature 4: 15:0 iso 20H, 2-hydroxy-13-methyl-tetradecanoic acid; 16:1 co7c; 16:1 co7t and 17:0 iso 30H, 3-hydroxy- 
15-methyl-hexadecanoic acid. 

From Vancanneyt etal. (1996). 



Holmes et al. (1978), however, found their clini- 
cal isolates did not cause disease. The resistance 
of this organism to a wide range of antimicrobial 
agents (including carbenicillin and gentamicin) 
suggested, however, that Empedobacter infec- 
tions would be difficult to treat (Holmes et al, 
1978). 

Empedobacter brevis was easily recovered 
from clinical material (Weyant et al., 1996). 
Recently, it was shown that E. brevis together 
with strains of other bacterial species is a com- 
mon contaminant of contact lens care systems. 
These species may facilitate Acanthamoeba 
growth and thus cause keratitis of the eyes 
(Bottone et al., 1992). In 1997, E. brevis was 
found to cause meningitis in a dog, but the source 
of the organism was not known (Haburjak and 
Schubert, 1997). 

Myroides 

Stutzer (1923) speculated that the strains he 
isolated played only a saprophytic role in the 
human intestine. He could not demonstrate any 
animal pathogenicity since intradermal, intrap- 
eritoneal, and intravenous injections of Bacte- 
rium faecale aromaticum into mice, guinea pigs 
and rabbits produced no pathogenic response. 
Stutzer and Kwaschnina (1929) isolated strains 
of E odoratum from the feces of patients with 



typhoid fever, acute gastroenteritis, and relaps- 
ing fever. Although not considered to be patho- 
genic, this organism was isolated in a way that 
might reflect the pathological processes in the 
intestine. 

Holmes et al. (1979b) first suggested a possible 
pathogenic role for E odoratum isolated from 
soft tissue infections, including an amputation 
site and urinary tract infections. Davis et al. 
(1979) isolated the organism from an amputation 
site, but the pathogenic role of the organism in 
this connection was uncertain. In 1985, Macfar- 
lane et al. reported ventriculitis caused by E odo- 
ratum, which was treated with intraventricular 
cefotaxime. Hsueh et al. (1995) reported the first 
necrotizing fasciitis and bacteremia caused by E 
odoratum {M. odoratus) and argued that this 
organism should be added to the list of etiologic 
agents that can cause severe skin and soft-tissue 
infections. Since then, a case of recurrent celluli- 
tis with bacteremia was reported in a corticoster- 
oid-treated patient with multiple skin lesions 
(Bachman et al., 1996). 

In 2000, an outbreak of a Myroides spp. uri- 
nary tract infection was reported among urology 
patients with catheters in a Turkish hospital 
(Yagci et al., 2000). Myroides odoratimimus was 
identified as the organism causing this outbreak 
over a three-year period. All of the 22 affected 
patients, including two with bacteremia, had 
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pyuria, calculi and neoplasia. Yagci et al. (2000) 
speculated that the outbreak was maintained by 
contamination from an unknown source, but 
could not identify a single measure that ended 
the outbreak. 

The resistance of Myroides to a wide range of 
antimicrobial agents commonly used against 
Gram-negative nonfermentative bacterial infec- 
tions, including (3-lactams (penicillins, cepha- 
losporins, aztreonam, and carbapenems) and 
aminoglycosides, suggests that any infection by 
this organism would prove difficult to treat 
(Holmes et al., 1979b; Strandberg et al., 1983; 
Hsueh et al., 1995; Yagci et al., 2000). 



Applications 

No literature on applications of E. brevis is avail- 
able. In the past 10-15 years, some applications 
of Myroides spp. have been reported. Myroides 
spp. have been used as biological control agents 
against bacterial and fungal pathogens of the 
sunflower plant (Hebbar et al., 1991). Flavobac- 
terium odoratum (M. odoratus) has been able to 
colonize the geocarposphere of peanuts, result- 
ing in the inhibition of aflatoxin production by 
Aspergillus flavus (Chourasia, 1995). In a study 
by Lysyk et al. (1999), Myroides isolated from 
the eggs of stable flies was considered essential, 
together with other bacteria, for the develop- 
ment of the larvae. This study evaluated a rearing 
procedure for the larvae to study insect-microbe 
interactions and evaluating microbial control 
agents. 

The enzymes of Myroides spp. may also be 
useful. Flavobacterium odoratum (M. odoratus) 
was found to produce elastase, which is a 
commercially useful enzyme having clinical 
therapeutic applications and food processing 
applications as a meat-tenderizing agent or 
protein hydrolytic catalyst (Yan et al., 1994). An 
isoamylase from F odoratum (M. odoratus) was 
found to greatly enhance the production of 
maltose, maltotriose, maltotetraose and treha- 
lose under industrial conditions for starch pro- 
cessing in the presence of respective auxiliary 
enzymes (Takahashi et al., 1996). According to 
Labuschagne et al. (1997), the lipase of F odora- 
tum (M. odoratus) may be useful for industrial 
applications such as the hydrolysis of insoluble 
acylglycerols. 
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The Genera Chryseobacterium and Elizabethkingia 
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Introduction 

Together with the genera Bergeyella and 
Empedohacter, the genus Chryseobacterium 
Vandamme, Bernardet, Segers, Kersters, and 
Holmes 1994 was built on the ruins of the genus 
Flavohacterium, shortly before the latter was 
thoroughly emended following extensive phylo- 
genetic investigations (Vandamme et al, 1994; 
Bernardet et al, 1996; see also the following 
chapters in this edition: The Genus Flavobacte- 
rium in this Volume, The Genera Empedobacter 
and Myroides in this Volume, and The Genera 
Bergeyella and Weeksella in this Volume). For 
reasons that are explained in the section Phytog- 
eny, the splitting of the genus Chryseobacterium 
was proposed very recently (Kim et al., 2005b); 
the organismpreviously known as Chryseobacte- 
rium meningosepticum and C. miricola were allo- 
cated to the new genus Elizabethkingia under 
the epithets Elizabethkingia meningoseptica and 
E. miricola. Among the currently recognized 
Chryseobacterium and Elizabethkingia species, 
those that were already described in the previous 
editions of Ber gey’s Manual of Systematic Bacte- 
riology and The Prokaryotes were dealt with in 
the chapters Genus Elavobacterium Harrison, 
Breed, Hammer and Huntoon 1923 (Holmes et 
al., 1984) and The Genera Elavobacterium, Sph- 
ingobacterium, and Weeksella {The Prokaryotes, 
second edition and in this Volume), respectively. 

The genera Chryseobacterium and Elizabethk- 
ingia belong to the family Flavobacteriaceae, the 
history and structure of which are presented in 
another chapter in this Volume: An Introduction 
to the Family Flavobacteriaceae. Currently, Fla- 
vobacteriaceae comprise 25 other valid genera; 
following extensive bacteriological surveys of 
various, mostly marine and polar environments, 
several additional genera are about to be pub- 
lished in the International Journal of Systematic 
and Evolutionary Microbiology. Taxonomic and 
nomenclatural issues concerning the family are 
dealt with by the Subcommittee on the taxon- 
omy of Elavobacterium and Cytophaga-\\kQ 
bacteria of the International Committee on Sys- 
tematics of Prokaryotes. This subcommittee has 



issued minimal standards for the description of 
new taxa in the family Flavobacteriaceae 
(Bernardet et al., 2002). 

Many Chryseobacterium and Elizabethkingia 
strains occur in soil, freshwater, and marine envi- 
ronments, while others are found in dairy pro- 
ducts; others are opportunistic pathogens of 
humans and animals. Most of the environmental 
species have not been extensively studied and 
some of them are only represented in culture 
collections by one or very few strains. Conversely, 
the clinical and dairy isolates have received more 
attention owing to their medical or economic sig- 
nificance, and collections comprising a reason- 
able number of strains are available. 



Phylogeny 

The 16S rRNA gene sequences of at least the 
type strains of all valid Chryseobacterium and 
Elizabethkingia species are now available, as 
well as the sequences of representative isolates 
of the taxa that are not validly published yet 
(see the section Taxonomy in this Chapter). The 
position of the genera within the family 
Flavobacteriaceae and the position of the family 
within the phylum “Bacteroidetes” (Garrity 
et al., 2003) or “Cytophaga-Flavobacterium- 
Bacteroides phylum” are presented in Figs. 1 and 
2 in the chapter An Introduction to the Family 
Flavobacteriaceae in this Volume, together with 
comments on the denomination and delineation 
of higher taxa in the phylum. Figure 1 below is 
an updated phylogenetic tree of members of the 
genera Chryseobacterium and Elizabethkingia. 

Since the 16S rRNA gene sequences of 
Chryseobacterium balustinum, C. gleum (the 
type species), C. indolo genes, C. indoltheticum 
and Elizabethkingia meningoseptica deposited in 
databases and used to draw previously published 
phylogenetic trees were of poor quality, new 
sequences were recently determined and depos- 
ited by O. Matte-Tailliez, J.-F. Bernardet and B. 
Kerouault. These sequences were used to draw 
the current tree in combination with the high 
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■Riemerella columbina (AF 181 448) 
— Bergeyella zoohelcum (M93153) 




Riemerella anatipestifer (U601 01 ) 

— Chryseobacterium taichungense (AJ843132) 
Chryseobacterium joostei (AJ27 1010) 

9^1 — Chryseobacterium gleum (AY468449) 

716 [f- Cockroach gut isolate FR2 (AF217562) 
Chryseobacterium indologenes (AY468450) 

937j- Chryseobacterium scophthalmum (AJ27 1 009) 

710 I— Chryseobacterium balustinum (AY468447) 
Chryseobacterium indoltheticum (AY468448) 

"Chryseobacterium proteolyticum" (AB039830) 

— Chryseobacterium formosense (AY315443) 

( 52 I — Chryseobacterium daecheongense (AJ457206) 
9^1— Chryseobacterium defluvii (AJ309324) 

615 ^"Chryseobacterium massiliae" (AF531766) 
Kaistella koreensis (AY29461 1 ) 

'Canof/datus Amoebinatus massiliae” (AY204874) 
lOOOl— ”Ha/oane//a gallinarum" (AB035150) 

Sejongia antarctica (AY553293) 

999 I — Sejongia jeonii (AY553294) 

Elizabethkingia miricola (AB071953) 
Elizabethkingia meningoseptica (AY468445) 
Ornithobacterium rhinotracheale (U87101 ) 

Weeksella virosa (M93152) 

Empedobacter brevis (M59052) 

Flavobacterium aquatile (M62797) 



Fig. 1. Phylogenetic relationships among representatives of 
the genera Chryseobacterium and Elizabethkingia and of 
related organisms established on 16S rRNA gene sequence 
comparisons using the neighbor-joining method (Saitou and 
Nei, 1987). Sequences were taken from the GenBank nucle- 
otide database; accession numbers of the sequences are given 
in parentheses. Scale bar, 0.02 Knuc (Kimura, 1980). The 
numbers on the branches represent the confidence limits 
(expressed as percentages rounded up to whole numbers) 
estimated by a bootstrap analysis (Felsenstein, 1985) of 1000 
replicates; confidence limits less than 50% are not shown. 
Sequences were aligned using the CLUSTAL W version 1.8 
software package (Thompson et al., 1994). The alignments 
were modified manually against the 16S rRNA secondary 
structure of Escherichia coli (Brosius et al., 1978). All species 
are included and represented by their type strain (except 
Empedobacter brevis). Representatives of invalid taxa for 
which the 16S rRNA sequences are available have also been 
included for information; their names are in quotation marks. 
Flavobacterium aquatile was used as outgroup. 



quality sequences of all other organisms depos- 
ited by other authors. As can be seen by compar- 
ing the current tree with that in the chapter An 
Introduction to the Family Flavobacteriaceae in 
this Volume, the use of the new sequences 
actually had only a limited effect on the structure 
of the tree. In particular, regardless of the 
sequences used, E. meningoseptica occupies a 
separate position compared to all Chryseobacte- 
rium species, while Bergeyella zoohelcum, the 
two Riemerella species and members of the two 
recently described genera Kaistella (Kim et al., 
2004) and Sejongia (Yi et al., 2005) are situated 



in between. Recently, E. miricola has linked to 
E. meningoseptica in its separate position (Li et 
al., 2003). The splitting of the genus Chryseobac- 
terium into two branches was a consequence of 
the DNA-rRNA hybridization technique that 
was extensively used for phylogenetic investiga- 
tions of the genus Elavobacterium and related 
genera during the 1980s and 1990s (Bauwens and 
De Ley, 1981; Segers et al., 1993; Mudarris et al., 
1994; Vandamme et al., 1994; Vandamme et al., 
1994; Vancanneyt et al., 1996). The resolution of 
this technique being lower than that achieved 
later on by 16S rRNA gene sequencing, the 
respective branching of the different Chryseo- 
bacterium species, B. zoohelcum and Riemerella 
anatipestifer was not accurately determined 
(Vandamme et al., 1994). Since distinct pheno- 
typic and chemotaxonomic characteristics were 
found to differentiate all members of the new 
genus Chryseobacterium from B. zoohelcum and 
R. anatipestifer (see the sections Taxonomy and 
Identification in this Chapter), the organism 
known at that time as [Elavobacterium] menin- 
gosepticum was included in this genus although 
its separate position compared to other Chryseo- 
bacterium species was already recognized 
(Vandamme et al., 1994). When high-quality 16S 
rRNA gene sequencing finally replaced DNA- 
rRNA hybridization for phylogenetic studies, the 
separate position of Chryseobacterium menin- 
gosepticum became even more obvious. When 
a phylogenetic tree is drawn using the few 
sequences of the DNA gyrase large subunit 
{gyrB) gene available in this group of organisms 
(i.e., E. meningoseptica, C. indologenes, B. zoo- 
helcum, E. brevis and W. virosa), the overall 
structure of the tree is similar to that of the 16S 
rRNA tree, except that E. meningoseptica is 
grouped with C. indologenes and separate from 
B. zoohelcum (Suzuki et al., 1999). TTe determi- 
nation of the gyrB sequences of the other species 
will be necessary to assess whether the grouping 
(based on the sequences of a few species only) is 
actually sound. 

Because Chryseobacterium, Elizabethkingia, 
Kaistella, Sejongia, Bergeyella and Riemerella 
species form a distinct separate branch, compar- 
ative studies of strains belonging to this group of 
organisms should preferably include reference 
strains of all of them. The invalid organism 
‘‘Haloanella gallinarum'', of which no isolates 
but only the 16S rRNA gene sequence is avail- 
able, is also located between Elizabethkingia and 
Chryseobacterium species. Ornithobacterium rhi- 
notracheale, Empedobacter brevis and Weeksella 
virosa are the closest phylogenetic neighbors of 
this large cluster, and the branch grouping all 
these organisms occupies the lowest position in 
the phylogenetic tree of the family Flavobacteri- 
aceae (see the chapters An Introduction to the 
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Family Flavobacteriaceae, The Genera Empedo- 
hacter and Myroides, The Genera Bergeyella and 
Weeksella, and Capnophilic Bird Pathogens in 
the Family Flavobacteriaceae: Riemerella, Orni- 
thobacterium and Coenonia all in this Volume). 

Taxonomy 

As shown in Table 1, the genus Chryseobacte- 
rium currently contains ten valid species; an 
additional species, “C proteolyticum'' has been 
published outside the International Journal of 
Systematic and Evolutionary Microbiology and 
has not been included yet in a validation list; the 
two “C proteolyticum'' strains are not available. 
The new genus Elizabethkingia only contains 
two species. 

In addition to the Chryseobacterium, Elizabe- 
thkingia, Kaistella, Sejongia, Bergeyella and 
Riemerella species (see the section Phytogeny in 
this Chapter), phylogenetic studies showed that 
the Chryseobacterium branch also comprises two 
Candidatus (a provisional category created to 
classify organisms for which 16S rRNA gene 
sequences are available but that are not yet cul- 
tivated and described; Murray and Stackebrandt, 
1995) species recovered from human nasal sam- 
ples (Greub et al., 2004; Drancourt et al., 2004) 
and ‘'Haloanella gallinarumf whose 16S rRNA 
gene sequence is deposited in databases (Fig. 1; 
see the section Pathogenicity and Epidemiology 
in this Chapter). 

The reasons for creating a new genus to 
accommodate most of the organisms previously 
attributed to the genus Elavo bacterium have 
been explained elsewhere (Vandamme et al., 
1994; Bernardet et al., 1996) and will only be 
summarized here. After successive emendations, 
the genus Elavobacterium had been restricted to 
nonmotile and nongliding species (Holmes et al., 
1984). The genus was restricted even further 
when it was recognized that the type species, E 
aquatile, did not represent the genus and was 
consequently set aside in Holmes’ next taxo- 
nomic review, i.e., in the second edition of The 
Prokaryotes (The Genera Elavobacterium, 
Sphingobacterium, and Weeksella in this Volume; 
see also Holmes, 1993). Following a decision of 
the Judicial Commission of the International 
Committee on Systematic Bacteriology, E aqua- 
tile had to remain the type species of the genus 
Elavobacterium even though the genus had been 
thoroughly emended (Bernardet et al., 1996; see 
the chapter The Genus Elavobacterium in this 
Volume). Hence, the other bacterial species pre- 
viously attributed to the genus Elavobacterium 
had to be relocated in other or new genera. 
Among the four natural groups of species recog- 
nized by Holmes in the second edition of The 
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Prokaryotes on the basis of habitat, resistance to 
antimicrobial agents, production of yellow pig- 
ment and indole, oxidation of carbohydrates, 
and proteolytic activity, the groups B, C, and D 
rapidly became (or already were) the cores of 
the new genera Myroides (Vancanneyt et al., 
1996), Sphingobacterium (Yabuuchi et al., 1983), 
and Weeksella and Bergeyella (Holmes et al., 
1986a; Holmes et al., 1986b; Vandamme et al., 
1994), respectively (see the chapters The 
Genera Empedobacter and Myroides, The Gen- 
era Bergeyella and Weeksella, and The Genera 
Elavobacterium, Sphingobacterium, and Week- 
sella all in this Volume). 

Holmes’ group A comprised [Elavobacterium] 
balustinum, [F-] breve, [F-] indoltheticum, [^'•] 
meningosepticum (which grouped strains previ- 
ously known as CDC group Ha), and the CDC 
group Hb defined by King (1959). The heteroge- 
neity of the latter group had long been estab- 
lished, and [F.] indologenes (in spite of rather 
low levels of DNA relatedness between the 
strains; Yabuuchi et al., 1983) and [F] gleum 
(Holmes et al., 1984) were among its members. 
Some authors also considered [F] balustinum 
and [F] indoltheticum to belong to group Hb 
(Hugo et al., 1999). However, many other strains 
in CDC group Hb could not be assigned to any 
of these four species; some of these strains 
formed small genomic groups that could be 
the cores of new species (Ursing and Bruun, 
1991). 

Phylogenetic studies by Vandamme et al. 
(1994) demonstrated: 1) [F] breve occupied a 
separate position compared to other organisms 
in Holmes’ group A; as a consequence, the 
generic epithet Empedobacter was revived for 
this species and the new combination Empedo- 
bacter brevis was established. 2) Other organ- 
isms in group A formed a tight cluster for which 
the new generic epithet Chryseobacterium was 
proposed and joined in the new combinations 
C. balustinum, C. gleum, C. indologenes and C. 
indoltheticum', [F] meningosepticum in spite of 
its separate position was also proposed for inclu- 
sion in the genus Chryseobacterium. 3) The 
recently described fish pathogen [F] scophthal- 
mum (Mudarris et al., 1994) belonged to the 
same cluster and was consequently renamed 
Chryseobacterium scophthalmum. 4) Riemerella 
anatipestifer and Weeksella zoohelcum occupied 
separate positions at the base level between F. 
meningoseptica and the other Chryseobacterium 
species; however, their chemotaxonomic and 
other phenotypic characteristics were different 
enough from those of members of the genus 
Chryseobacterium to warrant their separate 
generic status. And 5) W. zoohelcum was only 
distantly related to the type species of the genus 
Weeksella, W. virosa', hence, the new generic 
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Table 1. Currently recognized species classified in the genera Chryseobacterium and Elizabethkingia' 



Species^’ 


Type strain 


G+C (mol%) 


Source 


Reference(s) 


Number 
of strains 


Chryseobacterium 

balustinum^^'' 


NCTC 11212 


33 


Heart blood of freshwater 
fish (dace, Leuciscus 
leuciscus), Dordogne, 
France, 1959 


Brisou et al., 1959 
Holmes et al., 1984a 


1,3,? 


Chryseobacterium 

daecheongense 


DSM 15235 


37 


Sediment, Lake Daecheong, 
Korea 


Kim et al., 2005 


1 


Chryseobacterium 

defluviC 


DSM 14219 


Not determined 


Activated sewage sludge, 
Germany 


Kampfer et al., 2003 


1 


Chryseobacterium 

formosense 


CIP 108367 


Not determined 


Rhizosphere of lettuce, 
Kuohsing, Taiwan 


Young et al., 2005 


1 


Chryseobacterium 

gleum^^^^'^ 


ATCC 35910 


37 


Human vaginal swab. United 
Kingdom, 1979 


Holmes et al., 1984b 


12, 9, 15 


Chryseobacterium 

indologenes^^'^ 


NCTC 10796 


38 


Human trachea at autopsy, 
1958 


Yabuuchi et al., 1983 


13, 22, 65 


Chryseobacterium 

indoltheticum^^’^ 


ATCC 27950 


34 


Marine mud 


Campbell and Williams, 
1951 


2, 3,? 


Chryseobacterium 

joosteC 


LMG 18212 


37 


Raw cow milk, Kwazulu- 
Natal, South Africa, 1981 


Hugo et al., 2003 


11, 11, 11 


“Chryseobacterium 

proteolyticum” 


NIBHT P17664 


37 


Soil, rice field, Tsukuba, 
Japan 


Yamaguchi and Yokoe, 
2000 


2, 0,2 


Chryseobacterium 

scophthalmum} 


CCM 4109 


34 


Gills of diseased turbot 
{Scophthalmus maximus), 
Scotland, 1987 


Mudarris et al., 1994 


50, 7, 50 


Chryseobacterium 

taichungense 


CIP 108519 


Not determined 


Tar-contaminated soil, 
Taichung, Taiwan 


Shen et al., in press 


1 


Elizabethkingia 

miricola^ 


JCM 11413 


35 


Condensation water, space 
station Mir, 1997 


Li et al., 2003 
Kim et al., in press 


1,2,2 


Elizabethkingia 

meningoseptica^^'^ 


ATCC 13253 


37 


Human cerebrospinal fluid. 
United States, 1949 


King, 1959 
Holmes et al., 1984a 
Kim et al., in press 


?, 20, 150 



Abbreviations: type species; the species is cited on the Approved Lists of Bacterial Names (Skerman et al., 1980; Moore 

et al, 1985); ATCC, American Type Culture Collection, Manassas, Va., USA; CIP, Collection de ITnstitut Pasteur, Paris, 
France; CCM, Czech Collection of Microorganisms, Brno, Czech Republic; DSM, Deutsche Sammlung von Mikroorganismen, 
Braunschweig, Germany; JCM, Japanese Collection of Microorganisms, Tokyo, Japan; LMG, BCCM/LMG bacteria collec- 
tion, Laboratorium voor Microbiologie, University of Gent, Gent, Belgium; NCTC, National Collection of Type Cultures, 
London, England; NIBHT, culture collection of the National Institute of Bioscience and Human Technology, Tsukuba, Japan. 
^Names in quotation marks have not been validly published. Accession number is that in the recognized culture collection 
in which the type strain was first deposited. The origin and G-i-C content are those of the type strain. When more than one 
strain are known, three numbers are given, i.e., the number of strains on which the original description was based, the number 
of strains currently available in the largest recognized culture collections (i.e., ATCC, DSM, LMG, NCIMB [National 
Collection of Industrial, Marine and Food Bacteria, Aberdeen, Scotland] and NCTC), and the approximate number of strains 
which have been included in further studies and which are or may still be maintained in specialized culture collections, 
respectively. 

‘’Previous names and corrected epithets of species (taken from Euzeby, 1997; List of Bacterial Names with Standing in 
Nomenclature) are as stated in footnotes c to k. 

""[Flavobacterium] balustinum Harrison 1929 C'[Empedobacter] balustinum” Brisou et al. 1959. 

^Chryseobacterium defluvium, name as deposited in the 16S rRNA sequence databases. 

^[Flavobacterium] gleum Holmes et al. 1984. 

\Flavobacterium] indologenes Yabuuchi et al. 1983. 

^[Flavobacterium] indoltheticum Campbell and Williams 1951, ''Beneckea indolthetica” (Campbell and Williams 1951) 
Campbell 1957. 

'^Chryseobacterium joosteii, name as deposited in the 16S rRNA sequence databases. 

'''[Cytophaga] scophthalmis” , name as listed in 1989 in the catalogue of strains of the Czech Collection of Microorganisms, 
[Flavo bacterium] scophthalmum Mudarris et al. 1994. 

\Chryseobacterium] miricola, name as deposited in the 16S rRNA sequence databases, [Chrysebacterium] miricola Li et al., 
2003. 

^[Flavo bacterium] meningosepticum King 1959, [Chryseobacterium] meningosepticum (King 1959) Vandamme et al. 1994. 
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epithet Bergeyella and the new combination B. 
zoohelcum were proposed for this species. 

To minimize the inconvenience for clinical 
microbiologists, the etymology of the new 
generic epithet Chryseobacterium (a golden 
yellow rod) was chosen to be as similar as possi- 
ble to that of Flavobacterium (a yellow rod). For 
the same reason, the name ‘'[Flavobacterium] 
aureum'' had previously been proposed, 
although not validly published, for CDC group 
Ilb by Price and Pickett (1981). Chryseobacte- 
rium balustinum (Harrison, 1929) and C. indol- 
theticum (Campbell and Williams, 1951), the two 
oldest species, could not be selected as the type 
species of the genus Chryseobacterium owing to 
their meager characterization and to the fact that 
they were each represented by a single strain. 
Chryseobacterium meningosepticum, although 
clinically important and well characterized, was 
also not a good candidate since it was the most 
aberrant member of the genus. Both the pheno- 
typic and genomic heterogeneity of Chryseo- 
bacterium indologenes (initially proposed to 
encompass all CDC group lib strains) were 
known since its original description (Yabuuchi 
et al., 1983). Chryseobacterium gleum was cho- 
sen as the type species since its description was 
based on firm phenotypic and genomic grounds 
following an extensive comparative study of 12 
strains (Holmes et al., 1984). As a matter of fact, 
since the identification of differentiating charac- 
teristics for C. indologenes, C. gleum, and the 
related strains was (and still is) problematic (see 
the section Identification in this Chapter) and 
since several genomic groups have been found 
within group lib in addition to these two species 
(Ursing and Bruun, 1991), some authors pro- 
posed to continue referring to this taxon by the 
designation of “Chryseobacterium sp. CDC 
group lib” (Ursing and Bruun, 1991; see the 
chapter The Genera Flavobacterium, Sphingo- 
bacterium, and Weeks ella in this Volume). 

Several new Chryseobacterium species have 
been described since the genus was established: 
“C. proteolyticum'' (Yamaguchi and Yokoe, 
2000), C. defluvii (Kampfer et al., 2003), C. 
joostei (Hugo et al., 2003), [C.] miricola (Li et al., 
2003), C. daecheongense (Kim et al., 2005a), C. 
formosense (Young et al., 2005), and C. taichun- 
gense (Shen et al., 2005) (see Table 1). 

Recently, Kim et al. (2005b) performed a 
polyphasic study of several [C.] meningoseptica 
strains and of the only [C.] miricola strain avail- 
able. All the techniques used confirmed the sep- 
arate position of these two species compared to 
all Chryseobacterium species. Hence, the new 
genus Elizabethkingia was proposed to accomo- 
date these two species (Kim et al., 2005b). Since 
the more simple epithets derived from the 
family name of Elizabeth O. King, who first 
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described the bacterium (King, 1959), were 
already attributed to other bacteria or to vari- 
ous eukaryotes (J. Euzeby, personal communi- 
cation), the epithet was based on her two 
names. Admittedly, this new nomenclatural 
change is a kind of tongue-twister and an 
additional inconvenience for clinical microbiol- 
ogists after the change from Flavobacterium to 
Chryseobacterium proposed in 1994 for this 
clinically important organism (Vandamme et al., 
1994). However, the study by Kim et al. (2005b) 
only confirmed and substantiated previous 
reports on the phenotypic and genomic discrep- 
ancies between E. meningoseptica! E. miricola 
and the other Chryseobacterium species, and 
some kind of decision had to be taken. Impor- 
tantly, the study by Kim et al. (2005b) also 
resulted in the identifion as E. miricola of a 
strain previously considered E. meningoseptica, 
thus making a second strain of the former spe- 
cies available. 



Habitat and Ecology 

The variety of ecological niches represented by 
members of the genera Chryseobacterium and 
Elizabethkingia (Table 1) refiects that found 
in the whole family Flavobacteriaceae (see 
Table 1 in the chapter An Introduction to the 
Family Flavobacteriaceae in this Volume): they 
are widely distributed in nature and conse- 
quently found in clinical specimens and various 
food products (Jooste and Hugo [1999] and ref- 
erences therein). However, most recent surveys 
using a variety of techniques (either culture- 
independent or requiring previous bacterial iso- 
lation) to unravel the phylogenetic composition 
of complex bacterial communities were more 
generally aimed at revealing members of the 
phylum “Bacteroidetes”, or at best, members of 
the family Flavobacteriaceae (see the chapters 
An Introduction to the Family Flavobacteri- 
aceae and The Genus Flavobacterium both in 
this Volume). Some of these studies revealed 
the phylogenetic diversity of bacterial popula- 
tions in Antarctic sea ice, Antarctic lakes, and 
mangrove environments by sequencing the 16S 
rRNA gene of many isolates; they identified 
several members of the genus Flavobacterium in 
these biotopes but failed to reveal any strain 
affiliated to the genus Chryseobacterium 
(Bowman et al., 1997; Nakagawa et al., 2001; 
Van Trappen et al., 2002). Similarly, members of 
the family Flavobacteriaceae were found in var- 
ious soil and freshwater environments following 
the sequencing of cloned polymerase chain 
reaction (PCR) -amplified 16S rRNA genes, but 
no strain related to Chryseobacterium was found 
(Borneman et al., 1996; Crump et al., 1999). 
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Other studies used oligonucleotide probes for 
either in situ hybridization or probing of a 16S 
rDNA clone library to investigate bacterial 
communities. The 16S rRNA gene sequence of 
Chryseobacterium strains and related organisms 
was specifically taken into account in designing 
some of these probes, and their specific hybrid- 
ization to reference strains of Chryseobacterium 
spp., Bergeyella zoohelcum and Riemerella 
anatipestifer was controlled (Weller et al, 2000). 
Bacterial strains with 16S rRNA sequences 
highly homologous to the same sequences in 
these species were subsequently detected in a 
river (Manz et al., 1996; O’Sullivan et al., 2002). 

The main environments in which Chryseobac- 
terium strains are known to occur are listed 
below. Although recent publications usually 
refer to Chryseobacterium strains specifically, 
many earlier reports should be interpreted with 
care since they deal with poorly identified 
‘‘Flavobacterium'' strains that might actually 
have belonged to other taxa in the family 
Flavobacteriaceae. 

Environmental Isolates 

Some members of the CDC group Ilb, later 
described as C. indologenes and C. gleum (see 
the section Taxonomy in this Chapter), were 
found to occur in soil and water by Tatum et al. 
(1974). In his extensive phenotypic study of 
Gram-negative yellow-pigmented rods originat- 
ing from various sources, Hayes (1977) delin- 
eated nine different phena. According to Owen 
and Holmes (1981), members of Hayes’ phenon 
1 could be attributed to the CDC group lib and, 
although most members of this phenon were iso- 
lated from meat (see below), some originated 
from river water and soil samples (Hayes, 1977). 
Chryseobacterium indologenes strains recently 
recognized from their 16S rRNA gene sequence 
in soil samples in Indonesia and Spain have 
been shown to degrade various toxic compounds 
(Radianingtyas et al., 2003; Lopez et al., 2004; 
see the section Applications in this Chapter). 
The only bona fide C. indoltheticum strain avail- 
able in culture collections was isolated from 
marine mud, but the exact location is unknown. 
Although most strains of the human pathogen E. 
meningoseptica were isolated from clinical spec- 
imens, strains isolated from soil or river water 
were also included in some studies (Owen and 
Holmes [1981] and references therein; Bruun, 
1982; Bruun and Ursing, 1987). A E. menin- 
goseptica strain (16S rRNA gene sequence no. 
AJ616734) was isolated from a eutrophic 
shallow lake in Eastern Asia (G. Wu et al., 
unpublished data). The description of ‘'Chryseo- 
bacterium proteolyticum'' was based on two 
strains retrieved from the soil of a rice field and 



from the bank of a brook in Japan (Yamaguchi 
and Yokoe, 2000) and C. daecheongense was iso- 
lated from the sediment of a shallow, freshwater 
lake in Korea (Kim et al., 2005). The recently 
described species C. formosense and C. taichun- 
gense were isolated from the rhizosphere of 
garden lettuce and from a sample of tar- 
contaminated soil, respectively, both in Taiwan 
(Young et al., 2005; Shen et al., 2005). In a recent 
survey of carbohydrate-degrading bacteria in 
various biotopes of subtropical islands, strains 
identified as Chryseobacterium spp. from their 
16S rRNA gene sequences were found to pre- 
dominate in terrestrial environments (Rosado 
and Govind, 2003). Among the very diverse bac- 
terial community recovered from samples of 
penguin guano collected in Antarctica, several 
strains were related to C. indologenes according 
to the results of phenotypic tests and compari- 
son of 16S rRNA gene sequences (Zdanowski 
et al., 2004). Interestingly, the same kind of hab- 
itat also harbored members of the recently 
described genus Sejongia, one of the close phy- 
logenetic neighbors of the genera Chryseobacte- 
rium and Elizabethkingia (Yi et al., 2005). A 
Chryseobacterium sp. belonging to CDC group 
lib was part of the normal microbiota associated 
with marigold fiowers (Luis et al., 2004). Four 
Chryseobacterium sp. and “Haloanella galli- 
narum'' strains were recovered among the bio- 
film microfiora of a domestic sink drain (McBain 
et al., 2003), and E. meningoseptica strains were 
also isolated from the slimy brown deposit 
swabbed inside the spout of sink taps in a hos- 
pital during an outbreak (Hoque et al., 2001). 
Several Chryseobacterium strains were identi- 
fied among the culturable bacterial population 
in the groundwater of a municipal water supply 
in Germany (Ultee et al., 2004). According to 
the results of several commercial identification 
galleries, Chryseobacterium spp. were also 
among the most common potentially pathogenic 
bacteria isolated from samples of treated 
and untreated drinking water in South Africa 
(Pavlov et al., 2004). 

Since members of most Chryseobacterium and 
Elizabethkingia species exhibit varying degrees 
of tolerance to NaCl, as shown by their ability to 
grow on Difco Marine agar 2216 (1.95% NaCl; 
Bernardet et al., 2002; see the sections Isolation 
and Cultivation and Physiology in this Chapter), 
the environmental strains may occur both in 
freshwater and seawater, as well as in freshwater 
and marine fish (see below). In contrast with 
many Flavobacterium species recently recovered 
from cold environments (see the chapter The 
Genus Flavobacterium in this Volume), most 
Chryseobacterium species were not considered 
psychrophilic, except those associated with food 
and dairy products (see below). Also in contrast 
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to Flavobacterium strains, the role played in the 
degradation of biomacromolecules by the Chry- 
seobacterium strains that occur in soil and water 
is not known. 

Fish-associated members of the genera Chry- 
seobacterium and Elizabethkingia have been 
repeatedly reported. They may represent patho- 
genic (see the section Pathogenicity and Epide- 
miology in this Chapter) or spoilage (see below 
in this section) organisms. They may also belong 
to the normal bacterial flora that colonize the 
mucus at the surface of the skin and gills and the 
intestine of healthy flsh. Moreno et al. (1999) 
investigated the microflora in the mucus of 
farmed eels {Anguilla anguilla) using fluorescent 
in situ hybridization; however, among the range 
of oligonucleotide probes they used, the one tar- 
geting the ‘‘Cytophaga-Flavobacterium cluster” 
was not specific enough to distinguish the Chry- 
seobacterium strains from related organisms. The 
identification techniques, namely fatty acid anal- 
ysis and carbohydrate utilization profiles, used by 
Nedoluha and Westhoff (Nedoluha and Westhoff, 
1997a; Nedoluha and Westhoff, 1997b) also 
proved inadequate to specifically detect Chryseo- 
bacterium strains in the skin, gills and intestine 
of farmed striped bass (Morone saxatilis) reared 
in three different aquaculture systems, although 
members of the phylum “Bacteroidetes” were 
indeed detected. The eel harboring the Chryseo- 
bacterium strain studied by Lijnen et al. (2000) 
was apparently healthy (I. Roelents, personal 
communication); hence, the strain was presum- 
ably a part of its normal microflora or a transient 
colonizer. Similarly, there was no mention of any 
disease in the salmon {Oncorhynchus keta) har- 
boring the intestinal C. balustinum strain inves- 
tigated by Morita et al. (1997). During a survey 
of bacteria associated with the skin mucus of 
farmed fish in Brittany (France), 10 Chryseo- 
bacterium sp. strains were identified from their 
phenotypic characteristics among 49 bacterial 
isolates (C. Michel and J.-F. Bernardet, unpub- 
lished data). 

Recently, Chryseobacterium strains were 
also recognized from the gut of insects. After 
sequencing of 16S rDNA cloned directly from 
the gut content of an American cockroach 
{Periplaneta americana) revealed an organism 
affiliated to the family Flavobacteriaceae, a 
number of strains phenotypically resembling C. 
indologenes were isolated and characterized; the 
16S rRNA gene sequence of one isolate proved 
highly related to those of the C. indologenes and 
C. gleum reference strains (Dugas et al., 2001). 
This organism, which was not found in the food 
supply, was considered an abundant and perma- 
nent symbiont of the cockroach. Investigating 
the influence of food-derived tannins on the gut 
microbiota of the larvae of the lepidopteran 
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Acentria ephemerella, Walenciak et al. (2002) 
characterized a number of bacterial isolates from 
their 16S rRNA gene sequences; one of these gut 
isolates belonged to the genus Chryseobacte- 
rium. Chryseobacterium spp. were the most fre- 
quent organisms among the 36 bacterial genera 
identified from their 16S rRNA gene sequences 
in the midgut bacterial community of the biting 
mosquito Culicoides variipennis (Campbell et 
al., 2004). Members of the Chryseobacterium! 
Elizabethkingia group may also be associated 
with amoebae: approximately 50% of the free- 
living but potentially pathogenic amoebae in a 
Polish lake harbored endosymbiotic bacteria, 
including E. meningoseptica (Hadas et al., 2004). 

Some Chryseobacterium strains were also 
recovered from particular industrial environ- 
ments. For instance, C. defluvii was described 
from the bacterial flora in activated sludge 
(Kampfer et al., 2003) and two Chryseobacte- 
rium sp. strains were detected among the 
complex filamentous microflora that occurs 
in paper mill slimes and frequently affects 
machine efficiency and paper quality (Oppong 
et al., 2003). A E. meningoseptica strain (16S 
rRNA gene sequence no. AY509953, E. Chi- 
cote et al., unpublished data) was isolated from 
spent nuclear fuel pools. The original strain of 
the recently described species E. miricola origi- 
nated from the condensation water in a very spe- 
cial closed environment, the space station Mir 
(Li et al., 2003). Recently, the misidentified E. 
meningoseptica strain ATCC 33958 was attrib- 
uted to E. miricola (Kim et al., 2005b); it was one 
of the bacterial species contaminating a commer- 
cial preparation of carboxypeptidase A (Elder 
and Alexander, 1982). 



Food Isolates 

Early studies indicated that isolates closely 
related to the CDC group Hb (see the section 
Taxonomy in this Chapter) had been isolated 
from a variety of food products such as milk 
and dairy products, canned products, poultry 
and poultry plants, meat and meat products, and 
vegetables during commercial processing 
(McMeekin et al., 1971; Hayes, 1977; McMeekin 
and Shewan, 1978; Holmes et al., 1984). Because 
the taxonomy of the flavobacteria has changed 
so drastically over the past few years, however, 
it is difficult to determine whether these isolates 
belong to the genera Chryseobacterium and Eliz- 
abethkingia or to another genus in the family 
Flavobacteriaceae (see the chapter An Introduc- 
tion to the Family Flavobacteriaceae in this 
Volume). This is still true for some of the studies 
published nowadays in which the identification 
of the isolates is based on meager data. The 
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discussion that follows will focus on food 
products in which known and suspected Chry- 
seobacterium/ Elizabethkingia isolates played a 
role. 

FISH Chryseobacterium balustinum has been 
isolated first from the scales of freshly caught 
halibut {Hippoglossus hippoglossus) in the 
Pacific Ocean (Harrison, 1929; Brisou et al, 
1959); since this organism produced a yellowish 
slime on the skin, it was considered a fish spoil- 
age agent rather than a pathogen (Austin and 
Austin, 1999). The only strain currently available 
in culture collections, however, may actually 
be pathogenic (see the section Pathogenicity 
and Epidemiology in this Chapter). Although 
recently isolated again from the skin and muscle 
of wild and farmed freshwater fish, C. balustinum 
was not regarded as an important contributor of 
the spoilage of the fish because of its low inci- 
dence (<1% of all isolates; Gonzalez et al., 2000). 
The five C. balustinum strains, identified follow- 
ing a rather extensive phenotypic characteriza- 
tion, were not found in freshly caught fish but in 
fish stored more than three days in melting ice. 

Gennari and Cozzolino (1989) isolated 39 
strains of fiavobacteria from the skin and gills of 
fresh and ice-stored Mediterranean sardines 
(Sardina pilchardus). Analysis of their pheno- 
typic traits, however, could not place the isolates 
in any known species of the fiavobacteria, but the 
authors found that four strains had characteris- 
tics resembling those of Holmes’ group A; 
most of the species in this group nowadays are 
known as Chryseobacterium (see the section 
Taxonomy in this Chapter). The other 35 strains 
resembled members of the genus Myroides (see 
the chapter The Genera Empedobacter and 
Myroides in this Volume). In contrast to the find- 
ing of Gonzalez et al., most of the fiavobacteria 
isolates were from fresh sardines and their num- 
ber decreased with time of storage in ice. Since 
proteolytic activity was found, the authors spec- 
ulated that fiavobacteria were involved in pro- 
teolytic spoilage of fresh fish early during chill 
storage, especially when chilling was slow or the 
temperature not sufficiently low. The contribu- 
tion of fiavobacteria to fish spoilage, however, 
was regarded as low compared to that of the 
other pigmented bacteria retrieved from the 
same fish (Gennari and Cozzolino, 1989). 

Various proteolytic activities (i.e., degradation 
of skim milk, casein, and gelatin on agar media) 
and H 2 S production were also found in Chryseo- 
bacterium balustinum, C. gleum and C. indolo- 
genes strains isolated from Cape marine fish 
in South Africa {Empedobacter, Myroides and 
Weeksella strains were also retrieved from the 
same fish; Engelbrecht et al., 1996). When off- 
odor production of the Chryseobacterium 



strains was evaluated on fish muscle extract, four 
of the eight C. balustinum strains were found 
to produce a pungent odor, two, a stale odor, 
and two, no odor. Four among the five C. 
gleum strains produced a stale odor, and one 
C. indologenes strain produced a fruity odor 
(Engelbrecht et al., 1996). These isolates were 
thought to be contaminants introduced during 
processing operations. 

It is not known whether members of the gen- 
era Chryseobacterium and Elizabethkingia may 
occur in biofilms growing on the surface of sea- 
food processing equipment as was shown for 
their close relative Myroides odoratus (Tide et 
al., 1999; Bremer et al., 2001). 

MEAT PRODUCTS Fiavobacteria have been 
frequently isolated from meat and poultry 
products (Garcia-Lopez et al., 1998), although 
they have seldom been accurately identified. 
When Hayes (1977) divided a large collection of 
fiavobacteria and related Gram-negative yellow- 
pigmented rods into nine phena, the first five 
phena were found to belong to the genus Ela- 
vobacterium. In a study by Owen and Holmes 
(1981), the conclusion was drawn that Hayes’ 
phenon 1 corresponded closely to CDC group 
Ilb; some members of this taxon were later 
attributed to C. indologenes and C. gleum (see 
the section Taxonomy in this Chapter). The 53 
strains in this phenon were isolated from the 
following sources: raw beef carcasses (6 isolates), 
raw lamb carcasses (7 isolates), raw pig car- 
casses (8 isolates), raw eviscerated chicken car- 
casses (13 isolates), raw milk (13 isolates), water 
from rivers or streams (2 isolates), and soil (3 
isolates). Thus, Chryseobacterium strains clearly 
are found in a variety of meat products, but no 
mention was made about their role in these 
products. 

POULTRY Recent studies, performed on poul- 
try and on the air of poultry processing establish- 
ments, indicated the presence of Elavobacterium 
species (Geornaras et al., 1996; Ellerbroek, 
1997). The identification procedures of these two 
studies were, however, insufficient to conclude 
whether these organisms belonged to the genus 
Chryseobacterium or to one of the other genera 
in the family Flavobacteriaceae. 

DAIRY PRODUCTS The fiavobacteria have 
long been known for their psychrotrophic 
growth and their potential to spoil milk and dairy 
products through proteolytic and lipolytic activ- 
ities (Gilmour and Rowe, 1981; Cousin, 1982). 
They may also be associated with the presence 
of off-fiavors in milk products, changes in the 
manufacturing characteristics of milk as a sub- 
strate for starter cultures, and even reduced 
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cheese yield (Cousin, 1982; Ellis and Marth, 
1984; Jooste et al., 1986a). 

In the review by Cousin (1982), Flavohacte- 
rium was listed as one of the psychrotrophic gen- 
era whose members were frequently isolated 
from raw and pasteurized milk as well as butter. 
Many studies were listed in this review (see Table 
3 of Cousin, 1982) but, again, attribution of the 
flavobacteria reported in these studies to the 
genus Chryseohacterium or to other members 
of the family Flavobacteriaceae could not be 
determined. 

Research in the Department of Food Science 
at the University of the Free State in South Africa 
has for a long time been focused on flavobacteria 
isolated from milk and dairy products. Jooste et 
al. (1985) were the first to isolate Flavobacterium 
CDC group Ilb strains from milk and butter. In 
a subsequent study (Jooste et al., 1986a), it was 
suggested that these Flavobacterium species 
cause putrefaction in salted butter by growing in 
cream prior to churning. In another study in 
which Flavobacterium CDC group lib and C. bal- 
ustinum strains were isolated, Jooste et al. 
(1986b) found that the practical importance of 
dairy flavobacteria lies as much in their psy- 
chrotrophic growth and consequent proteinase 
production in refrigerated milk as in their con- 
tamination of milk via poorly sanitized pipelines 
and equipment. The numbers of flavobacteria 
isolated from raw milk were fairly constant dur- 
ing winter and summer (Fischer et al., 1987). A 
study by Welthagen and Jooste (1992) indicated 
that CDC group lib isolates comprised the larg- 
est part of pigmented bacteria from raw milk. In 
subsequent investigations (Hugo and Jooste, 
1997; Hugo et al., 1999), a large group of the CDC 
group lib milk isolates evaluated in the above- 
mentioned studies were identified as C. indolo- 
genes and one isolate as C. gleum. Among the 
remaining milk isolates, two new genomic groups 
(including the new species C. joostei\ Hugo et al., 
2003) were identified. A considerable number of 
the milk isolates could not be allocated to known 
or new species, however, and consequently 
remained classified as Chryseohacterium species 
CDC group lib (Hugo et al., 1999). In a study by 
Venter et al. (1999), a metalloprotease from a 
strain of C. indologenes was purified and charac- 
terized; this protease was very heat-stable and its 
affinity for casein may play a role in the spoilage 
of milk and milk products. 

OTHER PRODUCTS A Chryseohacterium sp. 
strain sharing a high degree of 16S rRNA gene 
sequence similarity with C. indoltheticum was 
identified in maple sap (Lagace et al., 2004). The 
role of this organism in the contamination 
and quality of maple products has not been 
investigated. 



CHAPTER 6.12 

Veterinary and Human Clinical Isolates 

Chryseohacterium and Elizahethkingia strains 
have been isolated from a number of diseased 
animal species. Briefly, E. meningoseptica strains 
have been recovered from frogs (Chung, 1990; 
Green et al. [1999] and references therein; 
Mauel et al., 2002), turtles (Jacobson et al., 
1989), birds (Vancanneyt et al., 1994), cats (Sims, 
1974), and a dog (Bruun and Ursing, 1987). 
Chryseohacterium indologenes has also been 
reported from diseased frogs (Olson et al., 
1992). Chryseohacterium balustinum and C. 
scophthalmum (Harrison, 1929; Brisou et al., 
1959; Mudarris and Austin, 1989; Mudarris et al., 
1994) and many strains affiliated to the CDC 
group Hb (J.-F. Bernardet et al., unpublished 
data) were isolated from diseased fish. 

In humans, the most significant species is E. 
meningoseptica. Although historically associated 
with meningitis in premature neonates, it is now 
known to occur in several other types of infec- 
tions. Members of the CDC group Hb have also 
been retrieved from a number of human cases; 
they were considered to be the most frequently 
isolated clinical flavobacteria (Holmes and 
Owen, 1981; Shewan and McMeekin, 1983). 
Even though there is usually no clear evidence 
of the pathogenic role of the Chryseohacterium 
and Elizahethkingia species other than E. men- 
ingoseptica, they do raise some concern since 
ChryseobacteriumlElizabethkingia-relsited infec- 
tions frequently occur in immunocompromised 
patients and are resistant to a wide range of 
commonly used antimicrobial agents. Because 
their natural habitat is water, they may also be 
retrieved from hospital environments. 

Extensive information on animal and human 
pathogenicity of members of the genera Chry- 
seohacterium and Elizahethkingia is given in the 
section Pathogenicity and Epidemiology. 



Isolation and Cultivation 

Members of the genera Chryseohacterium and 
Elizahethkingia are generally not difficult to iso- 
late and cultivate, since they are classic aerobic 
chemoorganotrophs. Hence, most of them grow 
readily on commercially available organic media, 
usually making unecessary the use of selective 
media and the addition of growth factors. The 
procedures used to isolate and cultivate the 
bacterial species now classified in the genera 
Chryseohacterium and Elizahethkingia were 
described in the previous editions of Ber gey’s 
Manual (Holmes et al., 1984) and The Prokary- 
otes (the chapter on The Genera Flavobacterium, 
Sphingohacterium, and Weeks ella in this Vol- 
ume). More recently, the general isolation and 
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maintenance procedures for members of the fam- 
ily Flavobacteriaceae were reviewed by Jooste 
and Hugo (1999). The same authors more specif- 
ically reviewed these procedures for the Chryseo- 
bacterium species that are usually associated with 
food (i.e., C. balustinum, C. gleum, C. indologenes 
and C joostei] Hugo and Jooste, 2003; see the 
section Habitat and Ecology in this Chapter). 
Such classic media as brain heart infusion, nutri- 
ent, Mueller Hinton, and trypticase soy were 
all found suitable. Interestingly, although only 
two Chryseobacterium species originated from 
marine environments, most species exhibit a 
rather high degree of halotolerance and are con- 
sequently also able to grow on Difco marine 2216 
agar (1.95% NaCl among several other salts; 
Bernardet et al., 2002); C. balustinum is the only 
known exception, but the growth of C. defluvii, 
“C. proteolyticumC C. daecheongense, C. for- 
mosense and C. taichungense on this medium has 
not been tested (Table 2). Conversely, the Chry- 
seobacterium strains from marine origin grow as 
well on the above-mentioned non-marine media 
as on marine 2216 agar (J.-F. Bernardet, unpub- 
lished data). Strains of E. meningoseptica are also 
able to grow on marine 2216 agar but the growth 
of E. miricola on this medium has not been 
tested. Chryseobacterium indoltheticum was orig- 
inally isolated on a chitin-containing media in the 
course of a study aimed at retrieving chitin- 
degrading bacteria from marine environments 
(Campbell and Williams, 1951), but it was later 
shown to grow well on other media. Similarly, “C. 
proteolyticum'' was isolated on a medium that 
favored the growth of protein-deaminating 
enzyme producers from soil, but the strains were 
later maintained on nutrient agar (Yamaguchi 
and Yokoe, 2000). The isolation of C. defluvii was 
performed on R2A agar (Oxoid); the same 
medium, as well as nutrient and trypticase soy 
agars was used for further studies (Kampfer et 
al., 2003). After an isolation step on several dif- 
ferent media, E. miricola was cultivated on brain 
heart infusion agar (Li et al., 2003). Chryseobac- 
terium daecheongense, C. formosense and C. tai- 
chungense were originally isolated on nutrient 
agar (Kim et al., 2005; Young et al., 2005; Shen 
et al., 2005). Most Chryseobacterium and Eliza- 
bethkingia species tested do not grow or grow 
poorly on cetrimide agar while the ability to grow 
on MacConkey agar varies among species (Table 
2); most species, except C. scophthalmum, 
also grow on (3-hydroxybutyrate (without pro- 
ducing p-hydroxybutyrate inclusion granules); C. 
defluvii, “C. proteolyticum,'' C. daecheongense, C. 
formosense, C. taichungense and E. miricola have 
not been tested for this characteristic. 

The most often used temperature range for 
incubation is 20-30°C (Hugo and Jooste, 2003). 
Very poor growth or no growth at all occurs at 



5°C, while members of four among the eleven 
Chryseobacterium species and of the two Eliza- 
bethkingia species are able to grow at 37°C 
(Table 2). At 42° C, most strains will not grow, 
except some C. gleum and some E. meningosep- 
tica strains (J.-F. Bernardet, unpublished data). 
Chryseobacterium gleum strains were reported 
to grow at 41 °C in contrast with C. indologenes 
strains (Yabuuchi et al., 1983). Approximately 
half of the E. meningoseptica strains studied by 
Bruun and Ursing (1987) were able to grow at 
40°C; this trait was characteristic for strains 
derived from invasive neonatal infections. Good 
growth was reported for C. daecheongense, C. 
formosense and C. taichungense at 28-37°C, 25- 
32°C and 11-36°C, respectively (Kim et al., 2005; 
Young et al., 2005; Shen et al., 2005). 

Fish-pathogenic members of the genera 
Chryseobacterium and Elizabethkingia (see the 
chapter Pathogenicity and Epidemiology) may 
be isolated from samples of external lesions or 
internal organs inoculated on one or several of 
the above-mentioned media and incubated at 20- 
25°C. A casein-containing medium (medium K) 
was first used to isolate and cultivate C. scoph- 
thalmum (Mudarris and Austin, 1989), but later 
studies demonstrated that this species grows 
equally well and even better on marine 2216, 
nutrient, and trypticase soy agars (Mudarris et 
al., 1994; J.-F. Bernardet, unpublished data). 

The distinctive bright yellow to orange pig- 
mentation and the shiny appearance of the colo- 
nies of members of the genus Chryseobacterium 
allow the selection of putative Chryseobacterium 
strains from agar plates with mixed bacterial 
growth, e.g., from external lesions of fish or from 
soil or water samples. Enhanced production of 
yellow pigment by strains of C. daecheongense, 
C. formosense and C. taichungense occurs on 
nutrient agar (Kim et al., 2005a; Young et al., 
2005; Shen et al., 2005). The yellow pigmentation 
of the colonies of C. defluvii is weaker than that 
of the other Chryseobacterium species. This is 
also true for Elizabethkingia miricola, while the 
colonies of E. meningoseptica may be weakly 
pigmented or non-pigmented depending on the 
strains (see the section Identification in this 
Chapter). 

Specific information on the isolation and 
cultivation of clinical Chryseobacterium and 
Elizabethkingia isolates is given in the section 
Pathogenicity and Epidemiology. 

Identification 

Characteristics which differentiate members of 
the genera Chryseobacterium and Elizabethkin- 
gia from members of other genera in the family 
Flavobacteriaceae are listed in Table 2 of the 



Table 2. Differentiating characteristics of Chryseobacterium and Elizabethkingia species and closely related taxa. 
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Table 3. Fatty acid composition (%) of Chryseobacterium and Elizabethkingia species and related bacteria.^ 
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Abbreviations: tr, trace (less than 1%); and ND, not detected. 

""The fatty acid composition of ''Chryseobacterium proteolyticum” has not been determined (Yamaguchi and Yokoe, 2000). 
Fatty acid percentages amounting to less than 1% of the total fatty acids in all species were not included; therefore, the 
percentages do not total 100%. When several strains were analyzed, rounded up means are given but standard deviations 
are not given; the number of strains analyzed is given in parentheses after the name of each species. Data taken from studies 
using different growth times, media and temperatures. 

^Unknown fatty acid; numbers indicate equivalent chain length. 

Tatty acids that could not be separated by gas chromatography using the Microbial Identification System (Microbial ID) 
software were considered summed features. Summed feature 4 contains 15:0 iso 2-OH and/or 16:lco7c and/or 16:lco7t. 
Summed feature 5 contains 17:1 iso I and/or 17:1 anteiso B. 

Modified from Hugo et al. (2003) and taken from Segers et al. (1993), Vancanneyt et al. (1999), Kampfer et al. (2003), Li et 
al. (2003), Kim et al. (2004), Kim et al. (2005a,b), Yi et al. (2005), Young et al. (2005), Kim et al. (in press), and Shen et al. 
(2005). 



chapter An Introduction to the Family Flavobac- 
teriaceae in this Volume (see also Bernardet et 
al, 2002). Those characteristics that differ among 
species in the genus Chryseobacterium are listed 
in Table 2 (physiological and biochemical traits) 
and Table 3 (fatty acid composition) in the 
present chapter. Since Bergeyella zoohelcum, 
Kaistella koreensis, the two Sejongia species, the 
two Riemerella species and all members of the 
genera Chryseobacterium and Elizabethkingia 
form a distinct separate branch in phylogenetic 
trees (see the sections Phytogeny and Taxonomy 



in this Chapter), all these taxa have been 
included in Tables 2 and 3 for convenience. 

The following description of the genus Chry- 
seobacterium, based on the six species known at 
that time (i.e., including [C] meningosepticum 
and [C] miricola), is cited from Vandamme et al. 
(1994): 

Description of Chryseobacterium gen. nov. Chryseobacte- 
rium (Chry.se.o.bac.te’ri.um. Gr. adj. chryseos, golden; Gr. 
neut. n. bakterion, a small rod; N. L. neut. n. Chryseobacte- 
rium, a yellow rod) cells are gram-negative, nonmotile, non- 
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spore-forming rods with parallel sides and rounded ends; 
typically the cells are 0.5 pm wide and 1 to 3 pm long. Intra- 
cellular granules of poly-p-hydroxybutyrate are absent. 
Aerobic. Chemoorganotrophic. All strains grow at 30°C; 
most strains grow at 37°C. Growth on solid media is typically 
pigmented (yellow to orange), but nonpigmented strains 
occur. Colonies are translucent (occasionally opaque), circu- 
lar, convex to low convex, smooth, and shiny, with entire 
edges. Positive for catalase, oxidase, and phosphatase 
activities. Several carbohydrates, including glycerol and tre- 
halose, are oxidized. Strong proteolytic activity occurs. Escu- 
lin is hydrolyzed. Agar is not digested. Resistant to a wide 
range of antimicrobial agents. Branched- chain fatty acids 
(i.e., 15:0 iso, iso 17:lco9c, 17:0 iso 3-OH, and summed fea- 
ture 4 [15:0 iso 2-OH or 16:lco7t or both] are predominant 
(Segers et al., 1993). Sphingophospholipids are absent. 
Menaquinone 6 is the only respiratory quinone. Homosper- 
midine and 2-hydroxyputrescine are the major poly amines in 
Chryseobacterium indolo genes, whereas putrescine and 
agmatine are minor components (Hamana and Matsuzaki, 
1991). 

The type species is Chryseobacterium gleum comb. nov. 
The DNA base composition ranges from 33 to 38 mol% 
guanine plus cytosine. Chryseobacterium species are widely 
distributed in soil, water, and clinical sources. 

The description of Chryseobacterium balustinum comb, 
nov. (basonym, Flavobacterium balustinum Harrison 1929), 
Chryseobacterium gleum comb. nov. (basonym, Flavobacte- 
rium gleum Holmes, Owen, Steigerwalt, and Brenner 1984), 
Chryseobacterium indologenes comb. nov. (basonym, Fla- 
vobacterium indologenes Yabuuchi, Kaneko, Yano, Moss, and 
Miyoshi 1983), Chryseobacterium indoltheticum comb. nov. 
(basonym, Flavobacterium indoltheticum Campbell and 
Williams 1951), Chryseobacterium meningosepticum comb, 
nov. (basonym, Flavobacterium meningosepticum King 
1959), and Chryseobacterium scophthalmum comb. nov. 
(basonym, Flavobacterium scophthalmum Mudarris, Austin, 
Segers, Vancanneyt, Hoste, and Bernardet 1994) are the same 
as the original descriptions given in Harrison (1929), Holmes 
et al. (1984), Yabuuchi et al. (1983), Campbell and Williams 
(1951), King (1959), and Mudarris et al. (1994), respectively, 
as well as in Holmes et al. (1984). 

Since 1994, seven additional species have been 
described, i.e., ‘‘Chryseobacterium proteolyti- 
cum'' (Yamaguchi and Yokoe, 2000), C. defluvii 
(Kampfer et al., 2003), C. joostei (Hugo et al., 
2003), [C] miricola (Li et al., 2003), C. daecheon- 
gense (Kim et al., 2005a), C. formosense (Young 
et al., 2005), and C. taichungense (Shen et al., 
2005). The new genus Elizabethkingia was 
recently proposed to accomodate one of these 
new species {E. miricola) and one of the Chry- 
seobacterium species included in the original 
description of the genus, [C.] meningosepticum 
(now the type species of the genus Elizabethkin- 
gia). Since most of the characteristics of the 
newly described Chryseobacterium species fitted 
the description of the genus, they did not make 
an emendation of its original description neces- 
sary. However, some additional information and 
slight discrepancies with the description are 
given below in the order of the above descrip- 
tion. The formal description of the genus Eliza- 
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bethkingia was given by Kim et al. (2005b). Since 
most phenotypic characteristics of members of 
the genera Chryseobacterium and Elizabethkin- 
gia are very similar, and since they were previ- 
ously grouped in the genus Chryseobacterium, 
they will be dealt with together below. Those few 
characteristics which differentiate members of 
the two genera are listed in Table 2 in this chap- 
ter and in Kim et al. (2005b). 

Concerning first the morphological character- 
istics, some Chryseobacterium strains may also 
produce filaments in addition to rods in liquid 
culture (e.g., C. scophthalmum, Mudarris et al., 
1994). Electron microscopy studies have seldom 
been performed on Chryseobacterium strains; 
the presence of a thick cell wall (i.e., about 
50 nm) was reported in C. joostei (Hugo et al., 
2003) and C. scophthalmum (Mudarris et al., 
1994). Cells of “C. proteolyticum'' were studied 
using scanning electron microscopy, but no par- 
ticular structure was evidenced (Yamaguchi and 
Yokoe, 2000). The production of extracellular 
slimy substances after prolonged incubation has 
been reported in C. defluvii (Kampfer et al., 
2003) and C. formosense (Young et al., 2005); it 
is likely responsible for the mucoid consistency 
of colonies after three days incubation reported 
in C. daecheongense (Kim et al., 2005a) and C. 
formosense (Young et al., 2005a) and in Elizabe- 
thkingia species (Kim et al., 2005). Colonies of 
E. miricola are very sticky on solid media (Kim 
et al., 2005). Some E. meningoseptica strains are 
encapsulated, especially following passage in 
mice (Holmes et al., 1984). A strong odor, remi- 
niscent of that given off by some Empedobacter, 
Myroides and Sphingobacterium strains, is pro- 
duced by most Chryseobacterium strains in liquid 
and solid culture; it has been described as 
“fruity” (Yabuuchi et al., 1983; Yabuuchi et al., 
1990) or “cheesy” (Brisou et al., 1959). Other 
types of odor were reported when food products 
were spoiled by Chryseobacterium strains 
(Engelbrecht et al., 1996; see the section Habitat 
and Ecology in this Chapter). 

As shown in Table 2, strains of C. balustinum, 
C. indoltheticum, C. joostei, C. scopthalmum 
and C. formosense do not grow at 37°C. The non- 
diffusible, nonfiuorescent bright yellow to 
orange pigments produced by all Chryseobacte- 
rium strains belong to the fiexirubin type 
(Reichenbach et al., 1981; Yabuuchi et al., 1983; 
Holmes et al., 1984; Mudarris et al., 1994; 
Yamaguchi and Yokoe, 2000; Hugo et al., 
2003; Kim et al., 2005; Young et al., 2005; Shen 
et al., 2005; J.-F. Bernardet, unpublished data; 
see below). The sentence in the original descrip- 
tion mentioning that nonpigmented Chryseobac- 
terium strains occur was actually referring to 
Elizabethkingia meningoseptica strains and 
should be deleted. The type of yellow pigment in 
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C defluvii has not been determined; contrary to 
the colonies of members of other Chryseohacte- 
rium species, those of C. defluvii were described 
as yellowish, not bright yellow (Kampfer et al, 
2003). The production of pigment may depend 
on the culture medium (Hugo and Jooste, 2003); 
it may also increase at low temperatures, in the 
presence of daylight, and by such compounds as 
casein, milk and starch (Holmes et al, 1984). 
While the original E. miricola strain was 
described as white-yellow (Li et al., 2003), 
the production of yellow pigment is strain- 
dependent in E. meningoseptica: 20 among the 
52 strains studied by Bruun and Ursing (1987) 
were completely colorless while the other strains 
(including the type strain) produced a weak yel- 
low pigment. Flexirubin type pigments were not 
detected in E. meningoseptica and E. miricola 
strains using the KOH technique (Kim et al., 
2005b). However, these authors flooded the col- 
onies with the KOH solution directly on agar, a 
procedure which makes weak color shifts diffi- 
cult to detect. The procedure recommended in 
the minimal standards for describing new taxa in 
the family Flavobacteriaceae (Bernardet et al., 
2002) was used on E. meningoseptica strains 
grown for several days at 37°C on trypticase soy 
agar. Three strains, including the type strain, pro- 
duced pale cream-beige colonies that turned to 
a brownish color when flooded with 20% KOH, 
contrary to nine other strains whose colonies 
exhibited a weaker pigmentation; the pigmenta- 
tion of the colonies and the color shift in the 
presence of KOH were stronger when the strains 
were grown in an illuminated incubator (J.-F. 
Bernardet, unpublished data). Hence, it seems 
some Elizabethkingia strains may indeed pro- 
duce small amounts of flexirubin type pigment in 
the presence of light. Strains of C. halustinum, C. 
gleum, C. indoltheticum, C. joostei and E. menin- 
goseptica also produce a pinkish-brown, diffus- 
ible pigment when grown on tyrosine agar (Hugo 
et al., 2003; J.-F. Bernardet, unpublished data); 
this characteristic is strain-dependent in C. 
scophthalmum (Mudarris et al., 1994). Chryseo- 
bacterium daecheongense, C. formosense and C. 
taichungense have not been tested for this char- 
acteristic. The production of catalase has not 
been tested in C. defluvii, C. formosense and C. 
taichungense, but C. daecheongense was shown to 
produce catalase (Kim et al., 2005). The phos- 
phatase activity has not been searched for in C. 
defluvii, E. miricola (Li et al., 2003), and “C. 
proteolyticum'' (Yamaguchi and Yokoe, 2000); 
this activity has been detected in C. joostei (Hugo 
et al., 2003). Although all Chryseobacterium spe- 
cies are able to oxidize some carbohydrates, sev- 
eral of them are actually unable to oxidize 
glycerol and/or trehalose, contrary to the state- 
ment in the description (Table 2). Chryseobacte- 



rium indoltheticum is the only Chryseobacterium 
species tested which is able to degrade chitin 
(Campbell and Williams, 1951; J.-F. Bernardet, 
unpublished data). The resistance to many anti- 
microbial agents of members of most Chryseo- 
bacterium and Elizabethkingia species has been 
repeatedly reported; however, data are unfortu- 
nately lacking for the recently described species 
“C. proteolyticumj' C. defluvii, C. daecheongense, 
C. formosense, C. taichungense and E. miricola 
(Yamaguchi and Yokoe, 2000; Kampfer et al., 
2003; Li et al., 2003; Kim et al., 2005a; Young et 
al., 2005; Shen et al., 2005). This characteristic is 
discussed in the section Pathogenicity and 
Epidemiology. The list of predominant fatty 
acids given in the genus description is also valid 
for the new species (see below and Table 3). 
Homospermidine is the major poly amine in all 
Chryseobacterium species tested, but other 
polyamines may occur as minor components (see 
below). The range of DNA G-hC content for the 
genus should be extended to 39 mol%, a value 
reached by some C. gleum and C. indologenes 
strains (Hugo et al., 1999). The base composition 
of C. formosense and C. taichungense has not 
been determined. Food products, particularly 
dairy products, should be added to the list of 
sources of members of the genus Chryseobacte- 
rium (Hugo et al., 1999; see the section Habitat 
and Ecology in this Chapter). 

The meager original descriptions of C. balust- 
inum (Harrison, 1929) and C. indoltheticum 
(Campbell and Williams, 1951) have actually 
not been taken into consideration in the formal 
genus description quoted above. There exists no 
C. balustinum strain dating back to the original 
isolation and description. The only bona fide 
strain currently available in culture collections, 
isolated much later from a freshwater fish in 
France, was attributed to this bacterial species 
because of an overall phenotypic similarity 
with Harrison’s description; however, even the 
description of this isolate is imperfect (Brisou et 
al., 1959). The original description of C. indolth- 
eticum was based on two isolates, one of which 
is the type and only bona fide strain currently 
available. Surprisingly, the original strains were 
described as “motile by means of peritrichous 
flagella” (Campbell and Williams, 1951); the type 
strain is nonmotile, however (Holmes et al., 
1984). Hence, the characteristics currently taken 
into consideration for these two species actually 
result from later studies (Yabuuchi et al., 1983; 
Holmes et al., 1984; Holmes et al., 1984; J.-F. 
Bernardet, unpublished data; and the chapter 
The Genera Elavobacterium, Sphingobacterium, 
and Weeksella in this Volume). 

In the minimal standards proposed for 
describing new genera and species in the family 
Flavobacteriaceae (Bernardet et al., 2002), par- 
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ticular methods were suggested to determine 
some of the phenotypic properties which can be 
used to differentiate members of the genera 
Chryseohacterium and Elizahethkingia from 
members of the other genera in the family and 
to differentiate among Chryseohacterium and 
Elizahethkingia species. These methods should 
preferably be used since the test conditions are 
critical. Some additional practical information is 
given below for the most problematic or delicate 
among those tests. 

Detection of the Gliding Motility and 
Determination of the Pigment 

The absence of gliding motility and the presence 
of flexirubin type pigments in members of the 
genus Chryseohacterium are two of the key 
characteristics which differentiate them from 
members of several other genera in the family 
Flavobacteriaceae. Information on the appropri- 
ate methods to detect gliding motility in liquid 
and solid cultures and to determine the type of 
yellow pigments was given in Bernardet et al. 
(2002) and in the chapters An Introduction to 
the Family Flavobacteriaceae and The Genus 
Elavohacterium in this Volume. 

The pigments of Chryseohacterium strains 
have been identified as belonging to the fiexiru- 
bin type (Reichenbach et al., 1981; see above) 
usually using the simple KOH test; the pigments 
in C. indologenes strains, however, have also 
been identified using a more sophisticated 
spectrophotometric method following extraction 
by different organic solvants (Yabuuchi et al., 
1983). 

The case of C. scophthalmum clearly illustrates 
the difficulty in detecting gliding motility, as well 
as the taxonomical and nomenclatural conse- 
quences a mistaken detection may have had 
before the advent of molecular methods. In the 
course of the original study, the fresh isolates 
were judged to exhibit gliding motility (Mudarris 
and Austin, 1989), and the new bacterial species 
was consequently deposited under the name 
‘'[Cytophaga\ scophthalmis'' in a culture collec- 
tion. Gliding motility could not be confirmed, 
however, during a subsequent examination. The 
cultures were consequently considered nonmo- 
tile, and hence the new species was formally 
described as [Elavohacterium] scophthalmum 
(Mudarris et al., 1994). It was finally attributed 
to the genus Chryseohacterium after the exten- 
sive emendation of the genus Elavohacterium 
(Vandamme et al., 1994; Bernardet et al., 1996). 

Production of (3-D-Galactosidase 

Precautions should be taken when detecting the 
presence of (3-D-galactosidase, as it has been 
shown that results may differ depending on the 
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type of test used. Nine C. gleum strains gave 
a positive result when tested using the con- 
ventional ONPG test (i.e., o-nitrophenyl-p-D- 
galactopyranoside on filter paper discs), whereas 
the production of enzyme was not detected on 
the substrate 2-naphthyl-p-D-galactopyranoside 
in API ZYM galleries (Holmes et al., 1984). 
Bruun and Ursing (1987) reported similar dis- 
crepancies between the two tests in a study of 52 
E. meningoseptica isolates; similar to the ONPG 
test (Billow, 1964), the Rosco enzyme assay sys- 
tem yielded positive results for all strains. The 
type strains of all Chryseohacterium and Eliza- 
hethkingia species and all milk isolates tested by 
Hugo et al. (2003) were also found negative for 
the production of p-D-galactosidase in API 
ZYM galleries and positive in the ONPG test. In 
an ongoing study of 70 Chryseohacterium fish 
isolates and reference strains, discrepancies in 
the detection of p-D-galactosidase were also 
noticed between the different tests used: the 
test included in API 20NE galleries (using p- 
nitrophenyl-p-D-galactopyranoside [PNPG] as 
the substrate) detected 14 positive strains. The 
ONPG disc test and the corresponding cupule in 
API 20E galleries (both using ONPG as the 
substrate) detected 10 positive strains; only 6 
positive strains were detected using the test in 
API ZYM galleries (J.-F. Bernardet, unpublished 
data). 

Acid Production from Carbohydrates 

Those carbohydrates from which acid is 
produced are considered differentiating charac- 
teristics between Chryseohacterium and Elizahe- 
thkingia species (Table 2). The production of acid 
from carbohydrates should preferably be tested 
in ammonium salt medium (Bernardet et al., 
2002). The discrepancies between the results 
obtained in different studies are probably at least 
partly due to the use of different media and 
incubation conditions. For instance, all three C. 
gleum strains studied by Yabuuchi et al. (1990) 
were able to produce acid from L-arabinose, 
ethanol, salicin and D-xylose. Ursing and Bruun 
(1991) also found all or most of their 9 strains 
positive or at least weakly positive for these tests, 
whereas all or most of the 12 C. gleum strains 
studied by Holmes et al. (1984) were considered 
negative for these characteristics. 

Production of L-Phenylalanine Deaminase 

The technique of Richard and Kiredjian (1995) 
has been recommended to detect the production 
of phenylpyruvic acid from L-phenylalanine 
(Bernardet et al., 2002). Briefly, 1 ml of very 
dense bacterial suspension is mixed with an 
equal volume of an aqueous, filter-sterilized solu- 
tion of L-phenylalanine (0.5 g per 100 ml). After 
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Stirring, the suspension is distributed in three 
tubes (0.5 ml per tube) and continuously stirred 
and maintained at room temperature. After 30 
min, 4 h, and 18 h, 1 drop of FeCb (2 volumes of 
distilled water and 1 volume of FeCls solution, d 
= 1.26; the FeCla solution included in the API 
galleries kit is convenient) is added to one of 
the tubes; a dark green color (which decreases 
after a few minutes) reveals the production 
of L-phenylalanine deaminase (Richard and 
Kiredjian, 1995). The intensity of the green color 
allows for a rough evaluation of the amount of 
L-phenylalanine deaminase produced, but weak 
reactions may be difficult to detect. Moreover, 
the reaction may be positive and subsequently 
negative; when this occurs, the strain should be 
considered positive (M. Kiredjian, personal com- 
munication). Using this technique, reference 
strains of all Chryseobacterium species were neg- 
ative for this characteristic except the C. scoph- 
thalmum type strain, which was strongly positive; 
strains of E. meningoseptica were weakly posi- 
tive (J.-F. Bernardet, unpublished data). Strains 
of “C. proteolyticumC C. defluvii, C. daecheon- 
gense, C. formosense and C. taichungense were 
not tested. Most C. scophthalmum strains had 
been found to produce L-phenylalanine deami- 
nase on phenylalanine agar (Difco; Mudarris 
and Austin, 1989), while the type strain was 
the only positive among the six strains tested 
using the method of Richard and Kiredjian (J.-F. 
Bernardet, unpublished data). This method did 
not detect the production of L-phenylalanine 
deaminase in two C. gleum reference strains, 
whereas the three strains studied by Yabuuchi et 
al. (1990) were positive for this characteristic 
using an unspecified method. The diagnostic 
value of this test will only be established when 
several strains of each Chryseobacterium species 
become available and are tested. 

Commercial Identification Galleries 

Commercially available kits, strips and galleries 
have been extensively used over the last decade 
to identify bacterial strains in addition to or as 
a substitute for conventional biochemical tests, 
particularly in the clinical microbiology labora- 
tory (see the section Pathogenicity and Epidemi- 
ology in this Chapter). Since these systems are 
primarily aimed at the identification of human 
pathogens, the temperature and time of incuba- 
tion need to be adapted to the requirements of 
Chryseobacterium strains that do not grow at 
37°C (Table 2). API galleries (bioMerieux) have 
frequently been used; API 20E, API 20NE, API 
ZYM, and API 50CH galleries have yielded 
interesting results when incubated at tempera- 
tures close to the optimum of the strains tested. 
Only C. indologenes and E. meningoseptica are 
included in the analytical profile index of API 



20E and 20NE galleries. In API 20NE galleries, 
reference strains of C. balustinum, C. gleum, C. 
indoltheticum, C. joostei and C. scophthalmum 
all produced similar profiles, leading to their 
identification as C. indologenes with varying 
degrees of similarity; the identification of Chrys- 
eobacterium strains using API 20NE is usually 
not valid before 48 h of incubation at 30°C (J.-F. 
Bernardet, unpublished data). API ZYM galler- 
ies have been used following the manufacturer’s 
instructions (i.e., 4 h of incubation at 37°C) for 
the Elizabethkingia isolates and the clinical 
Chryseobacterium isolates (e.g., C. indologenes', 
Yabuuchi et al., 1983) or at lower temperature 
(22-25°C) and for prolonged time of incubation 
(12-18 h) for environmental, fish and food 
isolates (Mudarris et al., 1994; Hugo et al., 2003; 
J.-F. Bernardet, unpublished data). Results 
yielded by API ZYM galleries may be inter- 
preted either using the 0-5 color intensity scale 
suggested by the manufacturer or simply consid- 
ering all grades from 1 to 5 as positive (Bruun 
and Ursing, 1987). Other commercial strips such 
as the Rosco system (Bruun and Ursing, 1987) 
and the Micronaut-E gallery (Merlin; Kampfer 
et al., 2003; Shen et al., 2005) were also tested 
with Chryseobacterium strains. The E. miricola 
type strain was tested using the GN2 MicroPlate 
(Biolog), the Nonfergram S-1 kit (Wako Chem- 
ical), and the API 20NE and API 50CH galleries, 
but the authors did not discuss the respective 
practical value and advantage of these kits (Li et 
al., 2003). The descriptions of C. daecheongense, 
C. formosense and C. taichungense all included 
data from API galleries (Kim et al., 2005a; 
Young et al., 2005; Shen et al., 2005). Biotype 
100 galleries (bioMerieux) have been tested on 
a collection of Chryseobacterium and Elizabeth- 
kingia reference strains and fish isolates; all 
strains were able to assimilate 4-22 substrates, 
and 38 substrates out of 99 were assimilated by 
at least one strain (J.-F. Bernardet and C. Bizet, 
unpublished data). Many strains of each species, 
however, should be tested on the Biotype 100 
gallery to assess its value for the identification of 
new isolates. 

Some Chryseobacterium species are differen- 
tiated with difficulty using the above-mentioned 
phenotypic tests. For instance, although mem- 
bers of the CDC group Ilb (see the section Tax- 
onomy in this Chapter) are relatively easily 
distinguished from other Chryseobacterium spe- 
cies and from members of the genera Elizabeth- 
kingia, Bergeyella, Riemerella, Empedobacter, 
Myroides and Weeksella (see above), the differ- 
entiation between members of the group, partic- 
ularly between C. indologenes and C. gleum, is 
problematic. A list of phenotypic traits distin- 
guishing C. indologenes and C. gleum from 
related taxa was proposed by Yabuuchi et al. 
(1983) and Holmes et al. (1984), respectively. 
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While the latter species was comprised of strains 
with very similar characteristics, there were 
many variable characteristics among the 13 orig- 
inal C indologenes strains. According to Yabuu- 
chi et al. (1990), C gleum could be distinguished 
from C indologenes on the basis of growth at 
41°C, production of phenylalanine deaminase, 
acid production from L-arabinose, ethanol, sali- 
cin, and D -xylose, hydrolysis of esculin after 4 h 
(strains of both species hydrolyze esculin after 
24 h), and production of urease on Christensen’s 
urea agar slant after 40 h (Table 2). As reported 
above, the tests for the production of phenylala- 
nine deaminase and for the production of acid 
from carbohydrates are not very easy to read and 
may yield different results depending on the pro- 
cedure used. Moreover, the study by Yabuuchi 
et al. (1990) was based on only three C. gleum 
strains. Studying a larger number of strains 
(which had previously been identified by DNA- 
DNA hybridization experiments), Ursing and 
Bruun (1991) found that C. gleum formed a 
homogeneous group, but that it was very difficult 
or impossible to differentiate C. gleum and 
C. indologenes with certainty from other CDC 
group Ilb strains using the characteristics pro- 
posed by Holmes et al. (1984), Yabuuchi et al. 
(1983), and Yabuuchi et al. (1990). The results of 
Ursing and Bruun (1991) agreed with those of 
Yabuuchi et al. with regard to the acid produc- 
tion from xylose and salicin, but agreed more 
with Holmes et al. with regard to urease produc- 
tion and esculin hydrolysis. As a consequence, 
they recommended that the name Flavohacte- 
rium (now Chryseobacterium) group lib be used 
pending further investigation (Ursing and 
Bruun, 1991). Indeed, recent studies of collec- 
tions of Chryseobacterium group lib isolates 
from dairy products (Hugo, 1997; Hugo et al., 
1999) and fish (J.-F. Bernardet et al., unpublished 
data) faced the same problem, even when 
polyphasic taxonomy was used: Only some of the 
strains could be grouped in delineated clusters, 
while the others remained isolated and classified 
as Chryseobacterium sp. CDC group lib. Dis- 
crepancies between the results of different 
studies may also result from the use of different 
techniques or conditions; for instance, the critical 
growth temperature proposed for differentiating 
between Chryseobacterium species was 40°C 
(Ursing and Bruun, 1991), 41°C (Yabuuchi et al., 
1990), or 42°C (Holmes et al., 1984; Holmes et 
al., 1984; Vandamme et al., 1994). 

The use of other, usually more sophisticated, 
techniques to help identify members of the 
family Flavobacteriaceae was discussed by 
Bernardet et al. (2002) and in the chapter An 
Introduction to the Family Flavobacteriaceae in 
this Volume. Additional information on the 
application of these techniques to the genera 
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Chryseobacterium and Elizabethkingia is pro- 
vided below. 

Fatty Acid Composition 

The kind of taxonomic information resulting 
from the analysis of whole-cell fatty acid methyl 
esters (FAMEs) was discussed in the chapter An 
Introduction to the Family Flavobacteriaceae in 
this Volume. Table 3 lists the fatty acids that 
occur in Chryseobacterium and Elizabethkingia 
species and in related taxa. Hugo et al. (1999) 
considered that the Chryseobacterium species 
could not be differentiated from each other on 
the basis of fatty acid profiles, while the profiles 
of the related species Elizabethkingia menin- 
goseptica, Bergeyella zoohelcum and Empedo- 
bacter brevis are distinct. The two Riemerella 
species differ from all other species by lacking 
two of their major fatty acids (i.e., 17:1 iso co9c 
and summed feature 4) and by the highest pro- 
portion of 13:0 iso. Tho fatty acid composition of 
‘‘Chryseobacterium proteolyticum'' has not been 
determined (Yamaguchi and Yokoe, 2000), but 
the overall fatty acid composition of the recently 
described Chryseobacterium species (i.e., C. 
defluvii, C. joostei, C. daecheongense, C. for- 
mosense, and C. taichungense) is similar to that 
cited in the original genus description (see 
above). However, C. defluvii, C. daecheongense 
and C. formosense are characterized by a low 
proportion of 17:1 iso co9c and a high proportion 
of 15:0 iso (Kampfer et al., 2003; Kim et al., 
2005a; Young et al., 2005). Elizabethkingia men- 
ingoseptica and E. miricola exhibit a low 17:1 iso 
co9c content but contain the highest proportion 
of summed feature 4 (Kim et al., 2005b). Inter- 
estingly, the results of the new fatty acid analysis 
performed by Kim et al. (2005b) on the two E. 
miricola strains are quite different from those of 
the original analysis of the type strain (Li et al., 
2003). The two Sejongia strains differ from all 
other species by distinct proportions of several 
fatty acids and by the presence of six additional 
fatty acids (Yi et al., 2005). Branched-chain fatty 
acids account for 80% of all fatty acids in C. 
indologenes and E. meningoseptica (Yabuuchi 
et al., 1983) and for 88% in E. miricola (Li et al., 
2003). Therefore, although fatty acid profiles for 
most members of the genera Chryseobacterium 
and Elizabethkingia are not species specific, the 
determination of the fatty acid profile will help 
assign new isolates to the genera. 

Whole-cell Protein Analysis 

A good correlation between high DNA related- 
ness and high similarity of whole-cell protein 
patterns was shown for several members of the 
family Flavobacteriaceae (Vandamme et al.. 
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1996; Bernardet et al, 2002; see also the chapter 
An Introduction to the Family Flavobacteriaceae 
in this Volume). Therefore, the determination of 
whole-cell protein profiles may help the assign- 
ment of new isolates of Chryseobacterium and 
Elizabethkingia spp. or delineation of new spe- 
cies (Vandamme et al, 1994; Bernardet et al, 

2002) . However, whole-cell protein profiling 
requires the skill and equipment for highly stan- 
dardized sodium dodecylsulfate-polyacrylamide 
gel electrophoresis (SDS-PAGE), numerical 
analysis of the resulting electrophoregrams, and 
database comparison. Hugo et al. (1999) 
reported that, unlike fatty acid analysis, SDS- 
PAGE analysis yielded a clear differentiation 
between the investigated Chryseobacterium and 
Elizabethkingia species; about half of the more 
than 100 dairy isolates studied could be clustered 
into nine major groups while the other half occu- 
pied separate positions. Similar results were 
obtained when the whole-cell protein profiles of 
a collection of Chryseobacterium strains isolated 
from diseased fish were analyzed (J.-F. Bernardet 
et al., unpublished data). Bergeyella zoohelcum 
and the two Riemerella species, which are phylo- 
genetically related to the genera Chryseobacte- 
rium and Elizabethkingia (see the section 
Phytogeny in this Chapter), were also clearly dif- 
ferentiated using this technique (Segers et al., 
1993; Vancanneyt et al., 1999). The whole-cell 
protein profiles of “C. proteolyticum'' (Yamagu- 
chi and Yokoe, 2000), C. defluvii (Kampfer et al., 

2003) , C. daecheongense (Kim et al., 2005a), C. 
formosense (Young et al., 2005), C. taichungense 
(Shen et al., 2005), Kaistella koreensis (Kim et 
al., 2004), Sejongia jeonii and S. antarctica (Yi et 
al., 2005), and E. miricola (Li et al., 2003) have 
not been determined. 

Other Chemotaxonomic Markers 

Like other members of the family Flavobacteri- 
aceae, those Chryseobacterium and Elizabethk- 
ingia species investigated for these 
characteristics contain menaquinone 6 as their 
only respiratory quinone and no sphingophos- 
pholipids (Vandamme et al., 1994; Bernardet 
et al., 2002; Kampfer et al., 2003; Li et al., 2003; 
Kim et al., 2005a,b). 

Homospermidine is the major poly amine in 
C. balustinum, C. gleum, C. indologenes and E. 
meningoseptica; trace amounts of putrescine and 
agmatine are also detected in the three former 
species (Hamana and Mastuzaki, 1990), whereas 
diaminopropane and 2-hydroxyputrescine are 
minor components in C. indologenes (Hamana 
and Matsuzaki, 1991). Recently described Chry- 
seobacterium species have not been investigated 
for their polyamine composition, except C. deflu- 
vii and C. daecheongense, which contain sym- 



homospermidine as the major component and 
spermine and spermidine as minor components 
(Kampfer et al., 2003; Kim et al., 2005a). Con- 
trary to the statement by Kampfer et al. (2003), 
previous publications have shown that no 
polyamine pattern can be considered character- 
istic of all members of the genus Chryseobacte- 
rium. Homospermidine is the only poly amine in 
Bergeyella zoohelcum, Ornithobacterium rhi- 
notracheale, Riemeralla anatipestifer and Week- 
sella virosa (Hamana and Nakagawa, 2001). 

The only Chryseobacterium species in which 
the polar lipid content was determined are C. 
defluvii and C. daecheongense’, the major lipid 
was phosphatidylethanolamine, but several 
other, unknown polar lipids were also detected 
(Kampfer et al., 2003; Kim et al., 2005a). 

Multilocus Enzyme Electrophoresis 

Multilocus enzyme electrophoresis (MEE) was 
used in an attempt to classify 103 Chryseobacte- 
rium, Elizabethkingia and Empedobacter dairy 
isolates and 27 reference strains (Hugo and 
Jooste, 1997). The isolates were placed in seven 
clusters; although the technique was successful 
in distinguishing the E. meningoseptica and 
Empedobacter brevis strains, it was not able to 
differentiate such closely related species as C. 
indologenes, C. gleum and C. balustinum and 
scattered the eleven isolates that would later be 
attributed to the new species C. joostei (Hugo et 
al., 2003) among several different MEE clusters 
(Hugo and Jooste, 1997). 

DNA-DNA Hybridization 

DNA-DNA relatedness, determined using quan- 
titative DNA-DNA hybridization techniques, is 
still the acknowledged standard for the delinea- 
tion of bacterial species. When the technique 
used allows the thermal stability of the DNA 
hybrids (DTm) to be determined, this value 
should also be taken into consideration (Wayne 
et al., 1987; Stackebrandt et al., 2002). The dif- 
ferent techniques available and a review of their 
application to members of the family Flavobac- 
teriaceae were discussed extensively by Bernar- 
det et al. (2002), and only additional information 
(especially focused on the genera Chryseobacte- 
rium- and Elizabethkingia) will be given here. 
Table 4 is an attempt to compile most of the 
published Chryseobacterium- and Elizabethkin- 
g/a-related DNA-DNA hybridization results and 
to compare the relatedness values yielded by dif- 
ferent techniques. 

On the whole. Table 4 shows that the 70% 
DNA relatedness threshold value proposed by 
Wayne et al. (1987) does apply to Chryseoba- 
cterium and Elizabethkingia species. Strains 



Table 4. Published DNA-DNA relatedness values within the genera Chryseobacterium and Elizabethkingia and between members of the genera Chryseobacterium and Elizabethkingia and 
members of related genera. 

Reference(s) and DNA-DNA Intra-specihc DNA relatedness 
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specifically tested for its DNA relatedness to other taxa. 
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belonging to the same species usually share 
DNA relatedness well above 70% (i.e., 75- 
100%), whereas DNA relatedness is distinctly 
below this value (5-50%) when the DNAs of 
strains belonging to different species are hybrid- 
ized. In this latter case, the level of DNA relat- 
edness usually reflects the phylogenetic distance 
between the species: strains of closely related 
species share about 50% DNA relatedness 
whereas they share 10-20% relatedness with 
strains of other, more distant species as reported 
for C gleum-C. indolo genes (Yabuuchi et al., 
1983; Hugo et al., 1999) and for C. scopthalmum- 
C. balustinum-C. indoltheticum versus the other 
Chryseohacterium species (J.-F. Bernardet, 
unpublished data). However, significant discrep- 
ancies may occur when different hybridization 
techniques and temperatures (i.e., optimal or 
stringent) are used (Table 4). The only study 
comparing two different techniques on the same 
group of strains was performed on seven C. 
scophthalmum strains, and nearly identical DNA 
relatedness values (91-100% and 85-100%, 
respectively) were obtained using the initial 
renaturation rate spectrophotometric method 
(Mudarris et al., 1994) and the SI nuclease 
method (J.-F. Bernardet, unpublished data). 
Unfortunately, such comparative data are lack- 
ing between the increasingly used quantitative 
microplate technique and the other techniques. 

The most extensive DNA-DNA hybridization 
study published so far concerned a collection of 
52 E. meningoseptica strains of varied patholog- 
ical and geographic origin, including the type 
strain and five other reference strains (Ursing 
and Bruun, 1987). In a previous study of the six 
reference strains by Owen and Snell (1976), the 
type strain had already been shown to share only 
29-65% DNA relatedness with the others. The 
study by Ursing and Bruun, using the hydroxya- 
patite method, confirmed that the type strain is 
indeed only distantly related to most other E. 
meningoseptica strains. When the optimal tem- 
perature for hybridization (60°C) was used, the 
52 strains could be divided into two main hybrid- 
ization groups I and II, with the former only 
comprising the type strain and three clinical iso- 
lates. The DNA relatedness values were 71-94% 
within each group, about 40-55% between mem- 
bers of the two groups, and <25% between mem- 
bers of the two groups and the type strains of C. 
halustinum, C. gleum and C. indologenes. The use 
of a more stringent hybridization temperature 
(75°C) and of additional labelled DNAs and the 
determination of ATm values resulted in the 
further delineation of four subgroups within 
the largest hybridization group II (Ursing and 
Bruun, 1987). When DNA-DNA experiments 
were performed within each of the subgroups, 
DNA relatedness values were very high at 60°C 
and still well above 75% at 75°C. On the other 
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hand, DNA relatedness values between mem- 
bers of the subgroups were considerably lower at 
75°C than at 60°C. These data are at variance 
with those of a study of C. gleum strains in which 
DNA relatedness values at 75°C could be higher 
than those at 60°C (Holmes et al., 1984); yet, the 
hydroxyapatite method was used in these two 
studies. Although intermediate DNA relatedness 
and high ATm values were found between 
members of the two major E. meningoseptica 
hybridization groups, these groups were still 
significantly more related to each other than 
to Chryseohacterium species. Moreover, differ- 
ences between members of the two groups could 
not be found in phenotypic characteristics 
(Bruun and Ursing, 1987), antimicrobial suscep- 
tibility patterns (Bruun, 1987), and crossed 
immunoelectrophoresis results (Bruun and 
H0iby, 1987). Hence, the authors found no rea- 
son to propose a new bacterial species for mem- 
bers of the group that did not contain the type 
strain (Bruun and Ursing, 1987). As mentioned 
above, differentiating characteristics for some 
members of the genus Chryseohacterium (e.g., 
the CDC group Hb) are also difficult to find, 
making DNA relatedness studies even more nec- 
essary. Recently, new DNA-DNA hybridization 
experiments have been performed on seven 
Elizahethkingia strains using a quantitative 
microplate method (Kim et al., 2005b). One of 
the E. meningoseptica strains was actually shown 
to belong to E. miricola owing to its high DNA 
relatedness with the type strain of this species. 
Moreover, the E. meningoseptica type strain only 
shared 31-35% DNA relatedness with the five 
other strains. This result confirmed the distance 
between the type strain and the other strains 
studied, but again the authors found no pheno- 
typic or ecological clue for splitting E. menin- 
goseptica into two species (Kim et al., 2005b). 

Sequence Analysis of Small Subunit rRNA 
and gyrB Genes 

Sequences of the 16S rRNA of all valid Chryseo- 
hacterium and Elizahethkingia species are 
now available; their comparison, combined with 
earlier data from DNA-rRNA hybridization 
experiments (Bauwens and De Ley, 1981; 
Mudarris et al., 1994; Vandamme et al., 1994; 
Bernardet et al., 1996), provides a distinct view 
of the phylogenetic relationships within the 
genera Chryseohacterium and Elizahethkingia 
(Fig. 1) and between these genera and other 
members of the family Flavobacteriaceae and 
of the phylum “Bacteroidetes” (see Figs. 1 and 
2 of the chapter An Introduction to the Family 
Flavobacteriaceae in this Volume). Stackebrandt 
and Goebel (1994) considered the 97% 16S 
rRNA sequence similarity value as a thresh- 
old below which two bacterial strains usually 
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share less than 60-70% DNA similarity and con- 
sequently belong to different species. Although 
these authors also clearly stated that DNA 
pairing studies need to be performed when 
strains share more that 97% 16S rRNA sequence 
similarity, this value has frequently been inter- 
preted as a threshold above which no DNA 
reassociation study was necessary since the 
strains most probably belonged to the same spe- 
cies. However, several studies dealing with mem- 
bers of the family Flavobacteriaceae showed that 
the value of 97% 16S rRNA sequence similarity 
is frequently not correlated with DNA-DNA 
relatedness (see Bernardet et al. [2002], the 
references therein, and the chapter The Genus 
Flavobacterium in this Volume). As for members 
of the genera Chryseobacterium and Elizahe- 
thkingia, several examples of 16S rRNA gene 
sequence similarity values well above 97% 
between members of different species may be 
found in Table 3 in Li et al. (2003). For instance, 
the two E. miricola strains shared 97.8-98.4% 
sequence similarity with five E. meningoseptica 
strains (Kim et al., 2005b), and sequence similar- 
ities between C. balustinum and C. scophthal- 
mum and between C. gleum and C. indologenes 
were as high as 98.9% and 99.0%, respectively 
(Li et al., 2003). The type strain of C. joostei also 
exhibited 97.7% and 97.6% 16S rRNA gene 
sequence similarity with those of C. gleum and 
C. indologenes, respectively, although DNA 
relatedness between the three strains was as low 
as 19-25% (Hugo et al., 2003). Similar values 
were reported in the descriptions of C. daecheon- 
gense and C. formosense (Kim et al., 2005a; 
Young et al., 2005). Hence, the fact that two 
Chryseobacterium strains share more than 97% 
16S rRNA sequence similarity does not mean 
that they belong to the same species and should 
not be used as a reason not to perform DNA- 
DNA hybridization experiments. Conversely, no 
Chryseobacterium strains have been reported 
that simultaneously share DNA relatedness 
higher than 70% and 16S rRNA sequence simi- 
larity below 97%. In their description of C. deflu- 
vii, Kampfer et al. (2003) decided that no DNA- 
DNA relatedness experiment was necessary 
since their isolate only shared <95.9% 16S rRNA 
sequence similarity with all other Chryseobacte- 
rium species and since the description of “C. pro- 
teolyticum'' had previously demonstrated that 
low DNA relatedness was indeed correlated with 
16S rRNA sequence similarity lower than 97% 
in the genus Chryseobacterium (although some 
species were not included in the study; Yamagu- 
chi and Yokoe, 2000). 

Sequences of gyrB genes, encoding the subunit 
B protein of DNA gyrase, are only available for 
a few Chryseobacterium species (Suzuki et al., 
1999; see the section Phytogeny in this Chapter); 
hence, the correlation between gyrB sequence 



similarity and DNA relatedness or 16S rRNA 
sequencing cannot be evaluated yet. 

Any combination of two or more of the above 
techniques constitutes a polyphasic taxonomic 
approach that could be used to characterize new 
Chryseobacterium and Elizabethkingia isolates 
(Vandamme et al., 1996). This approach has 
allowed the successful identification and descrip- 
tion of all recently published Chryseobacterium 
species and the delineation of the new genus 
Elizabethkingia. To our knowledge, no PCR 
technique is available that would allow the 
detection of Chryseobacterium or Elizabethkin- 
gia strains in the environment and clinical sam- 
ples, as well as the identification of cultured 
strains. The few methods currently available for 
typing Chryseobacterium and Elizabethkingia 
strain collections are discussed below. 

Serotyping 

Six serovars of C. meningosepticum A to F were 
initially described as being involved in human 
infections, mainly neonatal meningitis (King, 
1959; Owen and Lapage, 1974; see the section 
Pathogenicity and Epidemiology in this 
Chapter), and serotyping has been used as an 
epidemiological marker in outbreaks of E. men- 
ingoseptica infections in neonatal intensive care 
units. Additional serovars G to N, not involving 
neonatal meningitis, have subsequently been 
described by Richard et al. (Richard et al. 1979, 
1981), but representative strains of the serotypes 
I, J and L could actually belong to Empedobacter 
brevis (Owen and Holmes, 1981; Holmes et al., 
1984). A serotype O was also reported (see the 
chapter The Genera Elavobacterium, Sphingo- 
bacterium, and Weeksella in this Volume). Sero- 
type C, seen in about two-thirds of typed isolates 
from neonates, is the one most commonly found 
and associated with high mortality and serious 
neurological sequelae (Bloch et al., 1997). Typ- 
ing sera are not commercially available. Tlie 
serology of Chryseobacterium species has not 
been developed, but serological crossreactions 
between some members of CDC group Ilb and 
E. meningoseptica have been reported (Price and 
Pickett, 1981). 

Molecular Typing 

Few molecular methods are currently available 
for typing Elizabethkingia strains. Although rare, 
infections caused by E. meningoseptica in new- 
born infants are severe (see the section Pathoge- 
nicity and Epidemiology in this Chapter), and 
ribotyping was used to type clinical isolates for 
epidemiological studies. TTie collection of 52 E. 
meningoseptica strains (previously studied using 
DNA-DNA hybridization; Ursing and Bruun, 
1987; [see above] and phenotypic characteriza- 
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tion; Bruun and Ursing, 1987) was subjected to 
ribotyping using two different restriction 
enzymes to examine the taxonomic relevance of 
this technique; ribotyping patterns that could 
identify strains within a given DNA relatedness 
group (see above) were indeed found (Colding 
et al, 1994). Using four different enzymes, these 
authors also assessed the epidemiological value 
of ribotyping; three E. meningoseptica strains 
isolated from an outbreak in a neonatal inten- 
sive care unit (Bruun et al, 1989) had the same 
ribotype pattern, indicating a common source 
of infection, as expected. The banding patterns 
resulting from three different restriction enzyme 
digestions were combined and used in another 
study of 92 E. meningoseptica clinical isolates to 
search for possible correlation between ribotyp- 
ing and serotyping (Quilici and Bizet, 1996). 
Ribotyping allowing differentiation between iso- 
lates belonging to the same serotype, as well as 
between isolates of different serotypes, provided 
a useful epidemiological tool. Six different pat- 
terns were found for 21 strains isolated during 
the same outbreak, suggesting unrelated sources 
of infection. 

Recently, pulsed-field gel electrophoresis of 
bacterial DNAs digested by the restriction 
enzyme Apal was used to demonstrate that 
patient strains and environmental strains of E. 
meningoseptica isolated during an outbreak in a 
neonatal intensive care unit were the same strain 
(Hoque et al., 2001; see the section Pathogenicity 
and Epidemiology in this Chapter). DNA 
macrorestriction analysis was also used to dem- 
onstrate relapse of a catheter-related E. menin- 
goseptica bacteremia (Sader et al., 1995). 

Preservation 

Short term (i.e., several weeks or months) pres- 
ervation of Chryseohacterium and Elizahethkin- 
gia clinical strains was successfully achieved 
using cystine-trypticase agar (BBL; see the 
chapter The Genera Elavohacterium, Sphingo- 
hacterium, and Weeksella in the second edition) 
or Dorset egg medium (Holmes et al., 1984) 
slants kept at 4°C. Strains of ‘'Chryseohacterium 
proteolyticum'' were maintained on nutrient agar 
at 4°C (Yamaguchi and Yokoe, 2000). In our 
experience, commercially available agar deeps 
(e.g., bacterial strain storage medium, Bio-Rad) 
are most convenient for short term storage of 
members of all Chryseohacterium and Elizaheth- 
kingia species and related taxa (J.-E Bernardet, 
unpublished data). 

Chryseohacterium and Elizahethkingia strains 
can be preserved for many years by simple cry- 
opreservation at -70°C or less, using 10-30% (v/ 
v) glycerol as a cryoprotectant within a routine 
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growth medium. We have successfully cryopre- 
served all Chryseohacterium and Elizahethkingia 
species in CAS broth (i.e., 1% casitone [Difco], 
0.1% MgS 04 • 7 H 2 O, pH 6.8 unadjusted) recom- 
mended by Reichenbach (1989) with 10% sterile 
glycerol (J.-F. Bernardet, unpublished data). 
Also advocated was deep freezing of Chryseo- 
hacterium and Elizahethkingia strains in 
defibrinated rabbit blood (Holmes et al., 1984) 
or in Brucella broth (BBL) containing 10% 
glycerol (see the chapter The Genera Elavohac- 
terium, Sphingohacterium, and Weeksella in this 
Volume). 

Lyophilization (freeze-drying) is also conve- 
nient for long-term preservation of Chryseohac- 
terium and Elizahethkingia strains. We found 
this technique effective using a suspension 
medium consisting of two-thirds Bacto Brucella 
broth (Difco) and one-third filtered and heat- 
inactivated (1 h at 56°C) horse serum (C. Bizet, 
Collection de ITnstitut Pasteur, personal 
communication). Lyophilization and deep freez- 
ing at -80° C were convenient for the long-term 
preservation of C. joostei strains; for shorter 
preservation, the strains were maintained in a 
freeze-dried state on filter-paper discs and stored 
in screw-capped tubes at -20°C (Hugo et al., 
2003). 

Physiology 

Little is known about the biochemical physiology 
of Chryseohacterium and Elizahethkingia’, most 
of the current knowledge appears in the formal 
description of the genus (Table 2) and in the 
other paragraphs of the section Identification. 
All Chryseohacterium and Elizahethkingia spe- 
cies are aerobic chemoorganotrophs; their 
metabolism is strictly respiratory, not fermenta- 
tive, except for C. scophthalmum, which also 
exhibits a fermentative metabolism (Mudarris et 
al., 1994). However, some C. gleum, C. indolo- 
genes and other CDC group Hb strains can grow 
anaerobically in the presence of nitrate by using 
nitrate as a terminal electron acceptor and 
reducing it to N 2 (Holmes et al., 1984). Chryseo- 
hacterium daecheongense has been described as 
nitrate-reducing (Kim et al., 2005a) while the 
ability of C. halustinum to reduce nitrate has 
been variously assessed by different authors 
(Table 2). Chryseohacterium indolo genes strains 
can also grow under anaerobic conditions in the 
presence of fumarate (Yabuuchi et al., 1983). The 
Chryseohacterium and Elizahethkingia strain 
retrieved from the gut of a cockroach by Dugas 
et al. (2001) is also able to use molecular oxygen 
and fumarate, but not nitrate. Elizahethkingia 
miricola is also aerobic with a strictly respiratory 
type of metabolism, although it can grow in the 
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presence of 5% (v/v) CO 2 (Li et al., 2003). Inter- 
esting physiological comparisons may be made 
with the capnophilic members of the family Fla- 
vobacteriaceae, i.e., the genera Capnocytophaga 
(see the chapter The Genus Capnocytophaga in 
this Volume), Riemerella, Ornithohacterium and 
Coenonia (see the chapter Capnophilic Bird 
Pathogens in the Family Flavobacteriaceae: 
Riemerella, Ornithohacterium and Coenonia in 
this Volume). 

Most Chryseobacterium species exhibit a 
rather high tolerance to NaCl: Except C. balust- 
inum, all Chryseobacterium species are able to 
grow on marine agar (e.g., Difco marine agar 
2216 [1.95% NaCl in addition to several other 
salts]), although only members of two species 
were actually isolated from marine environments 
(Bernardet et al., 2002; Table 2). The most 
recently described species (i.e., “C. proteolyti- 
cumC C. defluvii, C daecheongense, C. for- 
mosense, and C. taichungense) have not been 
tested for this characteristic. Elizabethkingia 
meningoseptica is able to grow on marine agar 
(J.-F. Bernardet, unpublished data) and E. miri- 
cola has been reported to tolerate seawater (Li 
et al., 2003). 



Genetics 

Excluding investigations targeting the whole 
genome (DNA-DNA hybridization and deter- 
mination of the G+C content) or particular 
genes (sequencing of 16S rRNA and gyrB genes) 
for taxonomic and phylogenetic purposes or for 
the molecular typing of bacterial strains (see the 
section Identification in this Chapter), the genet- 
ics of Chryseobacterium and Elizabethkingia 
spp. has been poorly investigated. However, the 
gene transfer system, selectable marker system, 
suicide vector system, and transposon developed 
to genetically manipulate Elavobacterium john- 
soniae were also used successfully on E. menin- 
goseptica (McBride and Baker, 1996; McBride 
and Kempf, 1996). No plasmid has been 
reported in members of the genera Chryseobac- 
terium and Elizabethkingia (Owen and Holmes, 
1981); therefore, their widespread resistance to 
antimicrobial agents (see the section Pathoge- 
nicity and Epidemiology in this Chapter) is 
likely associated with chromosomal genes. 



Pathogenicity and Epidemiology 

Veterinary Medicine 

Besides the Chryseobacterium strains that may 
be normal bacterial flora of various aquatic ani- 
mals and those that may spoil fish products (see 



the section Habitat and Ecology in this Chapter), 
other strains have been isolated from a number 
of diseased animal species. 

Since Chryseobacterium balustinum was origi- 
nally isolated from the surface of dead marine 
fish, the current opinion is that this organism was 
a fish spoilage agent rather than a pathogen 
(Harrison, 1929; Austin and Austin, 1999); 
indeed, strains phenotypically similar to C. bal- 
ustinum have recently been isolated again from 
the skin, muscle and intestine of apparently 
healthy freshwater fish (Morita et al., 1997; Gon- 
zalez et al., 2000; see the section Habitat and 
Ecology in this Chapter). However, the type and 
only bona fide strain currently available in cul- 
ture collections, originally described under the 
name ‘'[Empedobacter] balustinum^ was iso- 
lated from the heart blood of a freshwater fish 
(dace, Leuciscus leuciscus) exhibiting signs of 
hemorrhagic septicemia; this strain (which can- 
not grow on marine agar) proved able to kill 
when injected into several other fish species (Bri- 
sou et al., 1959). Hence, C. balustinum probably 
occurs in freshwater as well as seawater and at 
the surface of fish; depending on circumstances, 
it may be saprophytic, become an opportunistic 
pathogen, or merely spoil the fish. It is also pos- 
sible the neotype strain is actually different from 
the lost original strain. 

The first strains of C. scophthalmum were 
recovered in Scotland from wild, healthy turbot 
(Scophthalmus maximus) and coastal water 
samples; similar organisms were subsequently 
isolated in 1987 from diseased turbot from the 
wild and during an outbreak in a local farm 
(Mudarris, 1989; Mudarris and Austin, 1989). The 
bacterium caused gill hyperplasia and hemor- 
rhagic septicemia; diseased turbot exhibited 
hemorrhages in the eyes, skin and jaw, as well as 
several internal organs. Extensive phenotypic 
investigations were conducted on a large group 
of strains isolated in pure culture from the gills 
and internal organs (Mudarris and Austin, 1989). 
The organism was first considered a Cytophaga 
sp. after gliding motility was suspected on fresh 
isolates, but this character was not confirmed 
during later investigations. Growth occurred on 
marine media and also on media devoid of NaCl 
or seawater, demonstrating that the bacterium 
was halotolerant and not obligately marine. This 
trait, together with all other phenotypic and 
genomic characteristics, led to the description of 
the new species as [Elavobacterium] scophthal- 
mum (Mudarris et al., 1994); it was subsequently 
transferred to the new genus Chryseobacterium 
(Vandamme et al., 1994). Histopathology of the 
disease was studied (Mudarris and Austin, 1992) 
and experimental infection was performed in 
juvenile turbot; immersion and intraperitoneal 
injection both resulted in high mortalities with 
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typical lesions (Mudarris and Austin, 1989). 
Interestingly, young rainbow trout kept in fresh 
water were also successfully infected by the same 
method. Control of the disease was possible by 
injection of or immersion in furazolidone solu- 
tion, but sulfafurazole proved much less effica- 
cious. As C. scophthalmum was also consistently 
recovered from the gills of healthy turbot, it was 
considered that it could actually belong to its 
normal microfiora and that unknown factors 
could weaken the host and/or enhance the 
virulence of the bacterium (Mudarris and 
Austin, 1989). Immunization of turbot with the 
lipopolysaccharide (LPS) from C. scophthalmum 
was shown to induce high hemagglutination 
activities in the serum as well as in skin and gut 
mucus when fish were intraperitoneally injected, 
whereas administration of LPS by the oral route 
or by immersion was generally unsuccessful 
(Al-Harbi and Austin, 1992c). Skin and gut 
mucus of LPS-immunized turbot inhibited the 
growth of C. scophthalmum (Al-Harbi and 
Austin, 1992b). Immunohistochemical tech- 
niques were used to study the distribution of the 
bacterium and LPS following different routes 
of inoculation (Al-Harbi and Austin, 1992a). 
Chryseohacterium scophthalmum has never been 
isolated again since its original description. How- 
ever, strains whose 16S rRNA gene sequences 
shared significant similarities with that of C. 
scophthalmum were found among the bacterial 
community in amoebae-infected gills of salmon 
(Bowman and Nowak, 2004). 

Bacterial strains phenotypically similar to C. 
indologenes were isolated from leopard frogs 
{Rana pipiens) reared in laboratory facilities in 
the United States and suffering “red leg disease,” 
a condition usually associated with Aeromonas 
hydrophila (Olson et al., 1992). In an ongoing 
study of CDC group Ilb strains isolated from 
diseased fish reared under various conditions 
and in various geographic areas, many strains 
resembling C. indologenes were identified (J.-F. 
Bernardet et al., unpublished data). However, 
representative strains only exhibited <25 % DNA 
relatedness with the type strain of C. indolo- 
genes. The degree of virulence of these isolates 
has not been evaluated yet by experimental 
infection of fish, but their susceptibility to a vari- 
ety of antimicrobial agents has been tested using 
diffusion tests and the dilution method to assess 
minimal inhibitory concentrations (MICs). The 
results confirmed the frequency and unusual 
level of constitutive resistance to ampicillin, pol- 
ymyxin B, chloramphenicol and oxytetracycline 
in fish-associated members of the genus Chryseo- 
bacterium; only oxolinic acid and associated 
sulfonamides seemed to allow the success of 
antibiotic therapy (Michel et al., 2005). 

Strains of E. meningoseptica have apparently 
been retrieved from various animal species. This 
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organism was the probable cause of a case of 
meningitis in a cat (Sims, 1974), and one of the 
strains studied by Bruun and Ursing (1987) was 
reportedly isolated from the blood of a dog. 
Cases were also reported from turtles (Jacobson 
et al., 1989) and snakes (Miller et al., 2004), and 
several strains were isolated in pure or nearly 
pure culture from internal organs of diseased 
birds belonging to different species (Vancanneyt 
et al., 1994). Several cases of E. meningoseptica 
infections were also reported in different frog 
species reared for food or laboratory purposes, 
such as leopard frog {Rana pipiens; Taylor et al., 
1993), clawed frog {Xenopus laevis; Green et al., 
1999), and bullfrog {Rana catesheiana; Mauel et 
al., 2002). A bacterium responsible for hemor- 
rhagic septicemia in farmed bullfrog in Taiwan 
was characterized and provisionally named 
''[Elavobacterium] ranacida'' (Faung et al. [1996] 
and references therein); recently, this organism, 
as well as a similar isolate from clawed frogs 
(also with hemorrhagic septicemia) captured in 
South Africa and reared in a French laboratory, 
was also identified as E. meningoseptica (J.-F. 
Bernardet, unpublished data). The first E. men- 
ingoseptica infection in fish was diagnosed in 
June 2004 in France from farmed koi carps 
imported from China, and a second, similar case 
in carps imported from Africa was reported at 
the time of writing (February 2005); diseased 
carps displayed skin lesions and hemorrhagic 
septicemia (N. Keck, personal communication). 
‘‘Aegyptianella ranarum'' replicates in the red 
blood cells of various frog species and is trans- 
mitted by amphibian-feeding leeches; compari- 
son of the sequence of its 16S rRNA gene 
showed a 91% similarity with the sequence of E. 
meningoseptica and the uncultured organism was 
renamed ‘‘Candidatus Hemobacterium rana- 
rum” (Zhang and Rikihisa, 2004). In view of the 
presence of E. meningoseptica in different ani- 
mal species reared for food or laboratory exper- 
iments or as pets, the possibility that infected 
animals might serve as reservoirs for human 
infection should be evaluated. However, since 
person-to-person infection has never been 
reported in E. meningoseptica, animal-to-person 
infection is very unlikely. 

Human Medicine 

Several members of the family Flavobacteri- 
aceae (see the chapter An Introduction to the 
Family Flavobacteriaceae in this Volume) are 
known participants in human infections, 
although their pathogenic role is sometimes 
uncertain. Besides Bergeyella zoohelcum and to 
a lesser extent Weeksella virosa, Empedobacter 
brevis, and the three Myroides species (see the 
chapters The Genera Bergeyella and Weeksella 
and The Genera Empedobacter and Myroides in 
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this Volume), two Chryseobacterium species and 
Elizabethkingia meningoseptica may also be iso- 
lated from clinical specimens (Schreckenberger, 
1998). 

Isolation and Identification of Chryseobac- 
terium AND Elizabethkingia Strains in 
Clinical Microbiology Laboratories Eliza- 
bethkingia meningoseptica and bacteria origi- 
nally designated Elavobacterium group Ilb (C 
indologenes, C. gleum and allied bacteria) by E. 
O. King (1959) are isolated from clinical speci- 
mens such as cerebrospinal fluids, blood, tracheal 
suctions, urine and wounds. They are rare iso- 
lates, occurring in less than 0. 1-1.0% of positive 
cultures (Pickett and Pedersen, 1970; Matsen, 
1975; Kirby et al., 2004). Organisms of group lib 
are the most commonly isolated flavobacteria in 
the clinical microbiology laboratory, while E. 
meningoseptica is seen only occasionally (e.g.. 
Holmes and Owen, 1981). Elizabethkingia men- 
ingoseptica is associated with often fatal neonatal 
meningitis, while the pathogenicity of group lib 
is more doubtful. 

Primary culture of Chryseobacterium and Eliz- 
abethkingia species can be done on blood, choc- 
olate, McConkey and nutrient agar. Incubation 
is done at 35-37°C, but the organisms also grow 
well at room temperature. Assignment of a cul- 
ture to the genus Chryseobacterium rests upon 
characteristics shared with E. brevis, Myroides 
spp., and Sphingobacterium spp.: strictly aerobic, 
nonmotile, oxidase positive, yellow pigmented. 
Gram-negative bacilli, highly resistant to a wide 
range of antimicrobial agents. Differentiation of 
the Chryseobacterium isolates from the above- 
mentioned taxa can be done on the basis of 
results for indole and urease production, gelatin 
hydrolysis, and acid production or assimilation 
of carbohydrates (see the section Identification 
and the chapters “The Genera Empedobacter 
and Myroides'\ “The Genera Bergeyella and 
Weeksella'' and “The Genera Elavobacterium, 
Sphingobacterium and Weeksella'' in this Vol- 
ume). Differentiation of E. meningoseptica, 
members of group lib, and E. brevis strains by 
conventional laboratory methods is difficult in 
the clinical microbiology laboratory. It rests 
mainly on the ability of E. meningoseptica strains 
to produce a weak yellow pigment or no pig- 
ment, acid from trehalose, and (3-galactosidase 
(ONPG test) within 2 h (Billow, 1964); members 
of group lib produce a bright yellow pigment, 
also produce acid from trehalose, but are nega- 
tive in the ONPG test after 2 h, and E. brevis 
strains produce a weak yellow pigment and are 
trehalose- and ONPG-negative (Bruun and Urs- 
ing, 1987; Ursing and Bruun, 1991). The use of 
automated identification systems, such as API 
and Vitek (bioMerieux), for identification has 
been steadily increasing for the last 15-20 years 



(see the section Identification in this Chapter). 
To the best of our knowledge, there have been 
no reports in the literature on the performance 
of automated systems to identify these organisms 
in large collections of clinical strains. As of May 
2004, API 20E, 20NE, ID 32E and ID 32GN 
databases contain E. meningoseptica and C. 
indologenes, as does Vitek GNH and Vitek2 ID- 
GNB. Vitek GNH can also identify C. gleum, 
while E. brevis can be identified by API ID 32 
GN and Vitek2 ID-GNB. 

Elizabethkingia meningoseptica is the only 
species for which a serotyping scheme has been 
proposed, but it is of limited use for the identifi- 
cation of clinical isolates (see the section 
Identification in this Chapter). 



Pathogenicity of Elizabethkingia menin- 
goseptica IN Neonates and Infants Neonatal 
disease, notably meningitis, caused by E. menin- 
goseptica, is by far the best known example of 
pathogenicity in the Chryseobacterium! Elizabe- 
thkingia complex and has been reported from all 
over the world (Vandepitte et al., 1958; Sole- 
Vernin, 1960; Eeckels et al., 1965; Vaillant et al., 
1974; Leitz et al., 1977; Samb et al., 1977; Tor- 
ronteras-Santiago et al., 1978; Zappulla et al., 
1979; B0 et al., 1986; Bloch et al., 1997 and ref- 
erences therein; Chiu et al., 2000; Hoque et al., 
2001). Since the infection was first reported in 
1944 by Shulman and Johnson (1944) and 
retrospectively identified by King (1959), Von 
Graevenitz (1985) estimated that about 120 cases 
had been reported in the literature. Bloch et al. 
(1997), in their comprehensive review of the 
English language literature up to 1994, found 308 
reports of cultures positive for E. meningosep- 
tica, of which 60% were judged to represent true 
infections. Neonatal infections, defined as occur- 
ring in infants 3 months of age, accounted for 115 
cases, of which 97 (84%) were meningitis, some- 
times with concomitant bacteremia or pneumo- 
nia (e.g., George et al., 1961; Madruga et al., 
1970; Thong et al., 1981; Abrahamsen et al., 1989; 
Bruun et al., 1989; Heeg et al., 1994; Chiu et al., 
2000). Prematurity occurred in more than half of 
the cases and accounted for two-thirds of the 
mortality of 57%. The majority of survivors suf- 
fered from post-meningitis sequelae, especially 
hydrocephalus. Serotype C was the predominant 
serotype, found in about two-thirds of the typed 
isolates. Since 1994, three more cases of neonatal 
meningitis have been reported in the literature 
(Chiu et al., 2000; Hoque et al., 2001). 

In addition to the meningitis cases in infants 
<3 months of age reported by Bloch et al. (1997), 
there have been anecdotal reports of spontane- 
ous meningitis cases in infants up to one and a 
half years of age (Samb et al., 1977; Zappulla et 
al., 1979; Johny et al., 1983; Sarvamangala et al.. 
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1983). These cases have been classified as com- 
munity-acquired and presumably belong to the 
same disease entity as the community-acquired 
cases in infants <3 months of age (e.g., Sundin et 
al, 1991; Di Pentima et al, 1998). The outcome 
in these older infants appeared to be better, with 
survival without sequelae in most cases. 

Neonatal disease also encompasses bactere- 
mia and pneumonia, constituting 13% and 3% 
of cases in the review of Bloch et al. (1997). 
Meningitis had, however, not been excluded by 
lumbar puncture in all cases of bacteremia. Since 
1994, at least nine cases of bacteremia have been 
reported in three outbreaks in neonatal wards 
(Hoque et al., 2001; Gfingor et al., 2003; 
Tekerekoglu et al., 2003). Mortality in cases of 
bacteremia and pneumonia has been much lower 
than in cases of meningitis and in some instances 
difficult to relate to the E. meningoseptica infec- 
tion. In a retrospective analysis of cases of noso- 
comial pneumonia in infants following cardiac 
surgery, E. meningoseptica strains were shown 
to represent 8.9% of all microbial isolates (Tan 
et al., 2004). 

A characteristic for E. meningoseptica 
infections is that they often occur as small epi- 
demics in neonatal wards, including intensive 
care units (e.g., Brody et al., 1958; Vandepitte et 
al., 1958; Cabrera et al., 1961; Madruga et al., 
1970; Hazuka et al., 1977; Abrahamsen et al., 
1989; Bruun et al., 1989; Heeg et al., 1994; Hoque 
et al., 2001; Gfingor et al., 2003). Surveillance 
cultures of clinically uninfected infants hospital- 
ized with infected infants often reveal extensive 
colonization with E. meningoseptica, sometimes 
accompanied by transient bacteremia. 

The presence of E. meningoseptica in various 
hospital environments was reviewed by Bloch 
et al. (1997). Optimal growth conditions include 
moist, cool environments or standing water at 
approximately 21°C (see Green et al. [1999] and 
references therein). In some cases, the bacterium 
was isolated from such medical devices as the 
respirator, vaporizer and artificial ventilation 
tubing (e.g., Heeg et al., 1994). In other investi- 
gations, environmental cultures have demon- 
strated other reservoirs for the epidemic strain 
(e.g., Cabrera et al., 1961; Hazuka et al., 1977; 
Abrahamsen et al., 1989; Hoque et al., 2001; 
Gfingor et al., 2003). Caution must, however, be 
exercised in the interpretation of these findings 
as closely related Chryseohacterium strains are 
often found in the hospital environment (Bruun 
et al., 1989). Hence, extensive characterization, 
including typing, is necessary to determine a cer- 
tain source of infection. For instance, extensive 
screenings were performed in various hospital 
environments following the repeated isolation of 
multiresistant E. meningoseptica strains from 
neonates in an intensive care unit (Hoque et al.. 
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2001). Using pulsed-field gel electrophoresis of 
DNA macrorestriction digests, several isolates 
recovered from sink taps and patient isolates 
were shown to be representatives of a single 
strain. 

Adults Disease after the age of one year (here 
termed “adult form” ) is rare, with less than 100 
cases reported in the literature (Bloch et al. 
[1997] and references therein; Chiu et al., 2000; 
Gunnarsson et al., 2002). It occurs either as 
outbreaks in hospitals after administration of 
contaminated medicine or use of devices 
contaminated via water or as more sporadic 
infections in immunocompromised patients or 
post-trauma and -surgery patients. 

A number of outbreaks involving both colo- 
nized (i.e., asymptomatic carriers) and infected 
patients in intensive care units have been 
described (Olsen et al., 1965; Olsen, 1967a; du 
Moulin, 1979; Brown et al., 1989; Pokrywka 
et al., 1993). The involved patients were either 
colonized or infected in the lungs or suffered 
from transient bacteremia. The outbreaks were 
traced to parenteral anesthetics, aerosolized 
polymyxin B, respiratory tubes, or water and ice 
contaminated by E. meningoseptica. Mortality in 
these patients was low and could not be ascribed 
to E. meningoseptica. 

More sporadic cases occurred in severely 
immunocompromised patients suffering from 
malignancy, end-stage hepatic and renal disease, 
extensive burns, AIDS, etc. (Sheridan et al., 1993; 
Sader et al., 1995; Bloch et al., 1997; Manfredi et 
al., 1999; Chiu et al., 2000). Again, by far the 
most common manifestations were pneumonia 
and bacteremia. 

A few cases of infections in immunocompro- 
mised patients have been reported to be commu- 
nity-acquired (Chiu et al., 2000), but information 
about possible carriage of intravascular devices 
while at home was not given. Also, a close con- 
tact between these patients and hospitals must 
be presumed due to their debilitating underlying 
diseases. The exact role of E. meningoseptica 
infections in the mortality of immunocompro- 
mised patients is difficult to ascertain, as there 
are many cofactors for mortality involved. There 
are nine case reports of E. meningoseptica men- 
ingitis in adults in the literature (Madruga et al., 
1970; Lapage and Owen, 1973; Mani et al., 1978; 
Rios et al., 1978; Harrington and Perlino, 1981; 
Kelsey et al., 1982; Chan et al., 1983; Sharma 
et al., 1984; Uchihara et al., 1988). All but one 
(Uchihara et al., 1988) involved known immuno- 
compromised or neurosurgical patients. As bac- 
terial identification pointed to CDC group Hb 
and not to E. meningoseptica in at least one of 
these reports, it can be concluded that meningitis 
in adults is extremely rare. Other rare manifes- 
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tations of adult E. meningoseptica infection 
include endocarditis (Werthamer et al, 1972; 
Sexton et al., 1985), cellulitis (Abter et al., 1993), 
abdominal infection (Pokrywka et al., 1993), 
septic arthritis (Gunnarsson et al., 2002), and eye 
infections (Bucci and Holland, 1991; Bloom 
et al., 2003). 

Pathogenicity of Chryseobacterium indolo- 

GENES AND ALLIED STRAINS INCLUDED IN CDC 
Group IIb Strains belonging to CDC group Ilb, 
i.e., Chryseobacterium indolo genes, C. gleum and 
closely related strains, are the most commonly 
isolated flavobacteria (i.e., Chryseobacterium, 
Elizabethkingia, Empedobacter, Myroides and 
Sphingobacterium) in the clinical microbiology 
laboratory (e.g.. Holmes and Owen, 1981; 
Yabuuchi et al., 1983; Holmes et al., 1984). Their 
pathogenicity for man is, however, less well 
documented. 

There are about 35 cases of C. indologenesi 
group lib bacteremias in the literature that, 
with the exception of sporadic case reports 
(Siegman-Igra et al., 1987; Nulens et al., 2001), 
have been published in three series, involving 14, 
12 and 6 patients, respectively (Stamm et al., 
1975; Hsueh et al., 1996b; Hsueh et al., 1996c). 
The first series of group lib bacteremia cases 
occurred in an American intensive care unit over 
five months and was associated with indwelling 
arterial catheters (Stamm et al., 1975). Mortality 
between infected patients and control patients 
was not found to differ. The two other series of 
C. indolo genes bacteremia cases (Hsueh et al., 
1996b; Hsueh et al., 1996c) occurred in the 
National University Hospital in Taiwan and were 
associated with indwelling devices, such as cen- 
tral venous catheters, Port-a-Caths, endotracheal 
tubes, and drains. In six of these 18 cases, the 
bacteria were also isolated from tracheal aspi- 
rates or sputum, and the clinical diagnosis was 
pneumonia. Owing to the serious underlying 
conditions of these patients and the often 
polymicrobial nature of their infections, the 
pathogenic role of C. indologenes was difficult to 
determine. In two more recent cases of C. indol- 
ogenes infection, bacteremia was associated with 
cellulitis in the absence of any form of immune 
compromise (Green and Nolan, 2001) and with 
chronic graft-versus-host disease in a leukemia 
patient after bone marrow transplantation (Lin 
et al., 2003). 

A case of group lib meningitis was reported 
in a patient after irrigation with tap water follow- 
ing exenteration of a paranasal sinus (Bagley 
et al., 1976). Susceptibility to and successful 
treatment with ampicillin, together with a nega- 
tive indole test, do, however, throw some doubt 
on the identity of the causative organism. 



Urinary tract infections with C. indologenes 
in connection with nephrostomy drainage and a 
urinary catheter, respectively, have also been 
reported from the National University Hospital 
in Taiwan (Hsueh et al., 1996b; Hsueh et al., 
1996c). From the same hospital there have also 
been cases of ventilator-associated pneumonia, 
pyomyositis, and infected burn wounds (Hsueh 
et al., 1996a; Hsueh et al., 1997). 

Antimicrobial Susceptibility of Clinical 
Chryseobacterium and Elizabethkingia 
Isolates and Treatment of ChryseobacteriumI 
Elizabethkingia Infections Members of 
Chryseobacterium and Elizabethkingia species 
are naturally resistant to polymyxins, aminogly- 
cosides, chloramphenicol, and most p-lactams 
(Olsen, 1967b; Aber et al., 1978; Bruun, 1987; 
Chang et al., 1997; Fraser and Jorgensen, 1997; 
Kirby et al., 2004). Elizabethkingia meningosep- 
tica produces at least two p-lactamases, a nonin- 
ducible extended-spectrum p-lactamase and a 
carbapenem-hydrolyzing p-lactamase (Behais et 
al., 2000). The latter enzyme, which is also pro- 
duced by C. indologenes strains, has recently 
been identified in Elavobacterium johnsoniae 
(Naas et al., 2003). This means that E. menin- 
goseptica is resistant to extended spectrum ceph- 
alosporins and carbapenems, but that some 
isolates are susceptible to ureidopenicillins. Data 
regarding susceptibility to piperacillin, with and 
without tazobactam, vary somewhat. In two 
recent investigations, both using the National 
Committee for Clinical Laboratory Standards 
(NCCLS) microdilution method, susceptibility 
to piperacillin-tazobactam was 29% and 71% of 
isolates, respectively (Fraser and Jorgensen, 
1997; Kirby et al., 2004). Members of Chryseo- 
bacterium and Elizabethkingia species are mostly 
resistant to tetracyclines, erythromycin, and lin- 
ezolid, while they display either an intermediate 
level of susceptibility or resistance to vancomy- 
cin and clindamycin (Bruun, 1987; Fraser and 
Jorgensen, 1997; Kirby et al., 2004). Susceptibil- 
ity to trimethoprim-sulfamethoxazole also var- 
ies; in two studies (Fraser and Jorgensen, 1997; 
Kirby et al., 2004), 33% and 80% of susceptible 
isolates were found, respectively. The most active 
agents are minocycline, rifampicin and the newer 
quinolones (levofloxacin, gatifloxacin and spar- 
floxacin), while susceptibility to ciprofloxacin 
varies (Spangler et al., 1996; Fraser and Jor- 
gensen, 1997; Kirby et al., 2004). 

The high resistance of Chryseobacterium and 
Elizabethkingia species (and most other fla- 
vobacteria) to many antimicrobial agents and a 
susceptibility pattern unusual for Gram-negative 
bacteria have always attracted attention and 
been useful for their preliminary identification in 
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the clinical microbiology laboratory. Various 
studies have shown discrepancies between 
results of disk diffusion tests and MIC determi- 
nations, the former in general giving more sensi- 
tive results for erythromycin, clindamycin, 
vancomycin, tetracycline, chloramphenicol, and 
fusidic acid (Von Graevenitz and Grehn, 1977; 
Aber et al, 1978; Bruun, 1987; Fraser and Jor- 
gensen, 1997). This has probably given rise to 
previous observations that E. meningoseptica is 
susceptible to antimicrobial agents traditionally 
used for treatment of infections caused by Gram- 
positive bacteria. 

Elizabethkingia meningoseptica neonatal 
meningitis represents the greatest challenge in 
relation to treatment of infections caused by fla- 
vobacteria. Since cases of meningitis are rare, 
there are few reports of treatment experiences, 
and presumably the conduct of controlled trials 
to evaluate antimicrobial regimens will never be 
possible. Treatment will, therefore, depend on 
susceptibilities of individual strains and will 
probably include combinations of antimicrobials, 
and possibly intrathecal, as well as intravenous 
administration. Clinical microbiologists need to 
be aware of the fact that false sensitivities may 
be shown by disk diffusion (vide supra) and that 
resistance may rapidly develop during antimicro- 
bial treatment (Hazuka et al., 1977; Ferlauto and 
Wells, 1981). Survival of neonatal meningitis 
without development of hydrocephalus is associ- 
ated with time to sterilization of cerebrospinal 
fluid and presumably to age at presentation of 
meningitis and length of gestation. 

A summary of antimicrobial treatment and 
outcomes of neonatal E. meningoseptica menin- 
gitis for the years 1973-1995 has been published 
by Di Pentima et al. (1998). At present (May 
2004), there seems to be two schools of thought 
regarding the best choice of antimicrobial regi- 
mens for treatment, exemplified by the Sandford 
Guide to Antimicrobial Therapy (Gilbert et al. 
2003) and Antibiotic Essentials (Cunha, 2003). 
The Sandford Guides recommendation of vanco- 
mycin rests on the report of Di Petima et al. 
(1998) of two cases and on one case cited by 
them (Tizer et al., 1995). These three cases were 
successfully treated with vancomycin and 
rifampicin without development of hydroceph- 
alus. The combination of vancomycin and 
rifampicin was shown to act synergistically in 
vitro by Di Petima et al. (1998). However, note 
that the three cases involved full-term infants 3- 
4 weeks of age at the time of presentation of 
meningitis. Other anecdotal reports have shown 
the successful use of rifampicin in conjunction 
with other antimicrobials in the treatment of 
meningitis (Bruun et al., 1989; Hoque et al., 
2001). In Antibiotic Essentials (Cunha, 2003), tri- 
methoprim-sulfamethoxazole is recommended 



CHAPTER 6.12 

for meningitis, while vancomycin and rifampicin 
is advocated for non-central nervous system 
infections. Again, the evidence for successful 
treatment is anecdotal (Ferlauto and Wells, 1981; 
Johny et al., 1983; Di Petima, 1995). The newer 
quinolones are, as mentioned above, promising 
agents for the treatment of meningitis. There is, 
however, at present no clinical experience with 
their use in neonatal meningitis, as they have not 
been approved for use in children, let alone 
neonates. 

A recent case of C. indologenes bacteremia 
was successfully treated with piperacillin and 
tazobactam and the infection did not recur (Lin 
et al., 2003). 

The resistance of E. meningoseptica strains to 
chlorine and other disinfectants has also been 
reported (see Green et al. [1999] and references 
therein). For instance, during the above- 
mentioned outbreak in a neonate intensive 
care unit, screening cultures remained positive 
following chlorination of the water tanks and 
sink taps; only after the replacement of the taps 
did the cultures become negative (Hoque et al., 
2001 ). 

Besides the above-mentioned, well- 
characterized bacterial species, other organisms 
belonging to the Chryseobacterium phylogenetic 
branch (Fig. 1; see the sections Phylogeny and 
Taxonomy in this Chapter) may prove patho- 
genic to humans. For instance, three potentially 
pathogenic organisms, ''Candidatus Chryseobac- 
terium timonae,” “Chryseobacterium massiliaC' 
and “Candidatus Amoebinatus massiliae,” were 
recently recovered from human nasal samples 
using amoebal coculture (Drancourt et al.,2004; 
Greub et al., 2004). Similarly, two of the 
“Haloanella gallinarum'' strains listed in data- 
bases were labelled as “undescribed bacterial 
pathogens isolated from human tissue” and 
“new pathogenic bacterium” (sequence nos. 
[AY244776] [Drancourt et al., 2004] and 
[AB035150] [H.-S. Pham et al., unpublished 
data], respectively). 



Applications 

Some Chryseobacterium strains have potential 
applications in the cleanup of various environ- 
mental contaminants. For instance, the cleanup 
of pentachlorophenol (PCP), a pesticide that has 
been associated with wood preservation and a 
disinfectant in the food industry, is essential since 
PCP poses significant health hazards. Yu and 
Ward (1996) used C. gleum, Agrobacterium 
radiobacter and Pseudomonas sp. as a mixed cul- 
ture to degrade PCP. Although rates of PCP deg- 
radation by individual isolates were lower than 
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that observed for the mixed culture, C. gleum 
manifested the highest PCP degradative ability. 
Another bacterial consortium including C indol- 
ogenes and three other bacterial species was 
found to degrade aniline and 4-chloroaniline in 
a contaminated agricultural soil in Indonesia 
(Radianingtyas et al, 2003). A C. indologenes 
strain was also identified among the soil bacteria 
that were able to degrade the toxic furan and 
phenolic compounds resulting from the acid 
treatment of lignocellulose (Lopez et al.,2004). 
Another C. indologenes strain (16S rRNA 
sequence no. [AJ288294]; D. G. Karpouzas, 
unpublished data) was able to degrade the insec- 
ticide and nematocide carbofuran, a member of 
the carbamate group. 

Other potential applications of Chryseobacte- 
rium strains may result from the presence of par- 
ticular enzymes. For instance, Yamaguchi et al. 
(2001) recently described a novel enzyme from 
“C. proteolyticum'' that deamidates glutaminyl 
residues in proteins. Protein deamidation is 
regarded as a promising method to improve pro- 
tein functionality (e.g., emulsifiers or foaming 
agents) in food systems (Hamada, 1994). A 
Chryseobacterium strain isolated from an appar- 
ently healthy eel {Anguilla anguilla) and exhib- 
iting a high 16S rRNA sequence similarity with 
C. gleum and C. indologenes was shown to 
secrete a novel endopeptidase that specifically 
cleaves the human plasminogen and could 
consequently reduce bacterial invasion (Lijnen 
et al., 2000). Cold-active proteases were charac- 
terized from a Chryseobacterium isolate from 
salmon {Oncorhynchus keta) intestine; analysis 
of its 16S rRNA sequence revealed a high simi- 
larity with that of C. balustinum (Morita et al., 
1997). Activity of the proteases was highest at 
10°C although the optimal growth temperature 
of the strain was 20°C. In the course of a screen- 
ing of various subtropical environments for bac- 
teria exhibiting novel carbohydrate-degrading 
activities, Chryseobacterium strains were shown 
to predominate in the terrestrial environments 
(Rosado and Govind, 2003). 
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The Marine Clade of the Family Flavobacteriaceae: 

The Genera Aequorivita, Arenibacter, Cellulophaga, 
Croceibacter, Formosa, Gelidibacter, Gillisia, Maribacter, 
Mesonia, Muricauda, Polaribacter, Psychroflexus, 
Psychroserpens, Robiginitalea, Salegentibacter, 
Tenacibaculum, Ulvibacter, Vitellibacter and Zobellia 
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Introduction 

The family Flavobacteriaceae represents a major 
branch of the Gram-negative phylum 
Bacteroidetes that is also popularly referred to as 
the ‘'Cytophaga-Flavohacterium-Bacteroides 
group or phylum” (see The List of Bacterial 
Names with Standing in Nomenclature website 
for official taxonomic names). In the last decade 
the Flavobacteriaceae has undergone rapid 
expansion incorporating many new species and 
genera, mostly from marine and polar ecosys- 
tems. A standardized minimal set of criteria has 
been recently established for the description of 
new members of this taxonomic group (Bernar- 
det et al., 2002). Several genera within the family, 
most obviously Flavo bacterium (Bernardet et al., 
1996), have undergone substantial taxonomic 
revision. This heightened activity has at least 
partially come in response to the increasing 
evidence that this homogenously chemohet- 
erotrophic group has environmental significance 
in aquatic ecosystems. Recent research indicates 
the marine genera of the family are a major com- 
ponent of the ocean pelagic zone microbial bio- 
mass, strongly coupled to phytoplanktonic 
primary production (photosynthesis), and, on 
the basis of at least anecdotal research, respon- 
sible for a major fraction of organic matter rem- 
ineralization in the oceans (reviewed by 
Kirchman, 2002). The marine clade of genera in 
the Flavobacteriaceae is phylogenetically dis- 
tinct, notable for containing a large number of 
cold adapted (psychrophilic and psychrotoler- 
ant) species, and in this respect, it parallels 
marine genus clusters in phylum Proteohacteria, 
which are the only other consistently major com- 
ponent of surface ocean bacterioplankton. As of 
early 2004, 19 validly described genera, listed in 
the title of the chapter, belong to the marine 
clade of the family Flavobacteriaceae. A general 



coverage of the biology of these genera is the 
focus of this chapter. 



Evolution of the Marine Clade 

Currently, analysis of 16S rRNA gene sequence 
is used as the major criterion in establishing new 
taxa amongst the existing hierarchy of bacteria. 
This has been the case for the marine clade of 
the Flavobacteriaceae in which all the official 
names have been either created or revised only 
since 1997, with phytogeny used initially to 
designate new taxa. A large number of validly 
described genera and species reside within the 
marine clade (Table 1), which collectively forms 
a distinct phylogenetic branch as shown in Fig. 1. 
The next closest related bacterial taxon to this 
clade is the genus Flavobacterium which inhabits 
a wide range of aquatic ecosystems and, though 
found in marine ecosystems, is not halophilic. 
Flavobacterium seems to represent an ecological 
transition between the marine clade and a 
distinct cluster of soil, freshwater and warm- 
blooded parasitic species represented by genus 
Chryseobacterium (Fig. 1) that also belong to the 
family Flavobacteriaceae. This phylogenetic 
arrangement of genera provides a hypothesis for 
reconstructing the evolutionary history of the 
Flavobacteriaceae marine clade. Ancestral spe- 
cies appear to have undergone an evolutionary 
expansion, moving into many non-marine envi- 
ronments, including the human intestinal tract, 
which is dominated by the Bacteroidaceae (a 
family of anaerobic bacteria just adjacent to fam- 
ily Flavobacteriaceae). It can be hypothesized 
that the Flavobacteriaceae marine clade itself is 
comprised of lineages descended from ancestral 
species that remained within marine ecosystems. 
This possible long occupation of marine habitats 



Table 1. Known habitats, isolation media, and incubation temperatures for Flavobacteriaceae marine clade 
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- Myrojoes cooratus/KYCC 4651''' (M55777) 

Coenonia anatina LMG 14382''' (Y17612) 

-Capnocytophaga ochracea K[OC 33596''' (LI 4635) 



Flavobacterium aquatue fiJCC 11947''' (M62797) 

-Formosa algae KMM 35533T (AY228461) 

I Gelidibacter algens ACAM 535T (U629 1 4) — 

I Gelidibacter mesophilus DSM 14095''' (AJ344133) 

- Psychroserpens burtnensis kCkU 188''' (U 629 13) 

- Polaribacter irgensii AJCC 700398''' (M61002) 

- Polaribacter franzmannii fiJCC 700399''' (U 14586) 

- Polaribacter filamentus AJCC 700397''' (U73726) 
Polaribacter glomeratus AJCC 43844''' (M58775) 

Tenacibaculum maritimum NCIVB 2154''' (D14023) 
Tenacibaculum ovolyticum fiJCC 51887''' (AB032506) 
Tenacibaculum mesophilum UB\C 1140''' (AB032501) 
Tenacibaculum amylolyticum MBIC 4355''' (AB032505) 
Tenacibaculum skaggerakense DSM 14835''' (AF469612) 
— Robiginitalea birormara AJCC BAA-364''' (AY424899) 

Arenibacter latericius KMM 428''' (AF052742) 

—Arenibacter troitsensis KMM 3674''' (AB080771 ) 

-Muricauda ruestringensis DEM 13258''' (AF218782) 







r Zobellia gaiactanivorans GIF 106680''' (AF208293) 
'-Zobellia uiiginosa AJCC 14397T (M62799) 

Maribacter ulvicola KMM 3951''' (AY271626) 
Maribacter sedimenticola KMM 3903''' (AY271623) 
Maribacter aquivivus KMM 3949''' (AY271625) 
Maribacter orientalis KMM 3947''' (AY271624) 

Vitelllbacter vladivosrokensis KMM 3516''' (AS071382) 

Aequorivita sublithincola DSM 14238''' (AF1 70749) 

I — Aequorivita antarctica DSM 14231''' (AY027802) 

r Aequorivita lipolytica DSM 14236''' (AY027805) 

^ — Aequorivita crocea DSM 14293''' (AY027807) 

Croceibacter atlanticus AJCC SAA-628''' (AY1 63576) 



[Cytophaga] marinaf lava LMG 1345''' (AF203475) 

-Ulvibacterjjcoralls KMM 391 2T (AY243096) 

[Cytophaga] latercula AJCC 231 77T (M58769) 

Gillsla limnaa LMG 2147QT (AJ440991) 

-Mesonia algae KMM 3909T (AF536383) 



- Salegentibacter salegens DSM 5424''' (M92279) 
Pnvnhrnflnyun trnninun ATGG BAA-734T i 



Psychroflexus tropicus AJCC BAA-734'''^(AF5 13434) 
Psychroflexus torquis ACAM 623^ (U 85881) 
Psychroflexus gondwanensis DSM 5423''' (M92278) 
Cellulophaga lytica AJCC 23178''' (M62796) 

Cellulophaga fucicola AJCC 700363T (AJ005973) 

Cellulophaga algicola ACAM 630''' (AF001366) 



- Cellulophaga baltica AJCC 700362T (AJ005972) 

— Ornithobacterium rhinotracheale LMG 9036''' (LI 91 56) 

I Chryseobacterium Inaologenes AJCC 2989''' (M58773) 

— L| Weeksella virosa AJCC 43766T (M93152) 

- Riemerella anatipestifer AJCC 11845''' (U60101) 



Marine 

clade 



0.1 



Bergeyella zoohelcum AYCC 43767''' (M93153) 

■ Empedobacter brevis AJCC 14234''' (M59052) 



Fig. 1. Phylogenetic tree based on 16S rRNA gene sequences showing the position of marine clade genera and species of the 
family Flavobacteriaceae. 



may explain why they make up such a large pro- 
portion of the marine microbial biomass (see the 
Ecology and Habitats section in this Chapter) 
and have adapted to practically all oxygenated 
marine econiches. 



Taxonomy 

Apart from 16S rRNA gene sequences, poly- 
phasic criteria detailed in Bernardet et al. (2002) 



define the taxonomy of the marine clade. 
Characteristics that differentiate the various gen- 
era in the marine clade are shown in Tables 2-6. 
Almost all taxa in the marine clade are quite new 
and only six nomenclaturally valid species have 
existed for any significant length of time, and of 
these, four have been reclassified. Two species, 
Cytophaga marinoflava (Reichenbach, 1989) and 
Cytophaga latercula (Lewin, 1969), are misclassi- 
fied at the genus-level by 16S rRNA analysis 
and quite distinct from the other genera within 
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the marine clade (Fig. 1). The genus Cytophaga, 
represented by type species C hutchinsonii (a 
nonmarine soil species), is unrelated as it belongs 
to a completely different family of the phylum 
Bacteroidetes. The four other “old” species 
are Tenacihaculum maritimum, Tenacihaculum 
ovolyticum, Cellulophaga lytica and Zohellia 
uliginosa. 

Tenacihaculum maritimum strains were origi- 
nally isolated from diseased fish by Hikida et al. 
(1979), but the official description was not made 
until later by Wakabayashi et al. (1986), who 
called the fish strains ‘'Flexibacter maritimusT 
The species description was then later emended 
by Bernardet and Grimont (1989). In Bergey’s 
Manual (Volume 3, 1st edition), Reichenbach 
(1989) renamed F. marinus Cytophaga marina. 
Along with this species, Hansen et al. (1992) 
described a phenotypically similar species from 
diseased Atlantic halibut eggs, called “Flexi- 
hacter ovolyticus'' Subsequent 16S rRNA gene 
data clearly indicated these species belonged to 
neither Flexibacter or Cytophaga and thus the 
confusion of names was finally resolved when 
Suzuki et al. (2001) created the genus Tenacibac- 
ulum. Tenacihaculum now contains five species 
(Table 1). 

Cytophaga lytica, originally isolated by Lewin 
(1969) from a marine aquarium outflow and 
from the surface of marine algal species, was 
designated the type species of the genus Cellulo- 
phaga (Johansen et al., 1999). The name is a mis- 
nomer as none of the species in Cellulophaga 
actually degrade or utilize cellulose (in the form 
of filter paper or crystalline powdered cellulose), 
though they can degrade the derivative 
carboxymethylcellulose. 

Cytophaga uliginosa (originally Flavohacte- 
rium uliginosum) was renamed by Reichenbach 
(1989) and only one strain is known. ZoBell 
and Upham isolated this strain, described it 
in a seminal paper on marine bacteria (ZoBell 
and Upham, 1944), and called it “Agarbacterium 
uliginosa'' as it rapidly decomposes agar. 
Subsequently Barbeyron et al. (2001) created 
a new genus called appropriately ‘‘Zohellia'' 
which included Zohellia uliginosa as the type 
species renamed from Cytophaga uliginosa. 

All the remaining named species belonging 
to the marine clade are relatively new, have 
not undergone any taxonomic revision, and 
should remain stable nomenclatural entities. A 
strong and reliable taxonomic framework has 
thus been fortunately developed for this 
environmentally abundant group, unlike the 
case for other marine and nonmarine groups 
within the Bacteroidetes (e.g., Flexibacter and 
Microscilla), which still require heavy taxo- 
nomic revision. 



Morphological Characteristics 

Phenotypically, the marine clade has several 
common phenotypic properties (many listed in 
Tables 2-6) which can aid in initial identification. 

Marine clade species are generally character- 
ized (with some exceptions) as strictly aerobic 
chemoheterotrophic, halophilic. Gram-negative, 
rod-shaped cells, which are either nonmotile or 
able to glide and produce colonies pigmented 
yellow to a deep orange. Some species may form 
filaments though very long filament formation 
(>100 pm) is rare. The filaments of some species 
may be coiled or helical when cells are from log 
phase cultures. In older cultures, the rods and 
filaments of some species (such as Gelidihacter 
algens and Croceihacter atlanticus) may degener- 
ate into still viable coccoidal cells, possibly 
spheroplasts, which are usually 1-2 pm in diam- 
eter. Some Polarihacter species form gas vesicles, 
though this trait has not been observed in any 
other species of the clade and thus could be idio- 
syncratic for the genus. Muricauda ruestringensis 
is unusual in forming long thin appendages 
which have at the tip a bulbous vesicle-like struc- 
ture. The appendages are a continuum of the 
outer membrane (Bruns et al., 2001). The species 
also undergoes an asymmetrical life cycle in 
which cells contain different chromosomal DNA 
contents (Muller et al., 2001). 

Gliding motility can sometimes be discerned 
directly from colonial morphology; however, in 
the marine clade, gliding is generally not very 
noticeable and often requires very close micro- 
scopic examination in wet preparations. Gliding 
motility is fairly obvious in some species belong- 
ing to the genera Gelidihacter, Cellulophaga and 
Zohellia but is much less obvious in the other 
species, especially Cytophaga marinoflava and 
Psychroflexus torquis, which only glide under 
certain conditions. See Reichenbach (1989) and 
individual description papers for detailed assess- 
ments of gliding motility in particular species. 

Cell biomass is pigmented either yellow or 
orange (sometimes almost red) owing to caro- 
tenoid and/or flexirubin pigments. Flexirubin 
pigments produced by three species of the 
marine clade (Table 2) can be detected easily by 
addition of a strong base (e.g., 20% [w/v] KOH) 
to cell masses which as a result turn instantly 
red-brown if flexirubins are present (Reichen- 
bach, 1989). Carotenoids can be assessed in a 
general way by examining the absorbance spec- 
tra of hexane or chloroform cell extracts by 
spectrophotometry and thin layer chromatogra- 
phy against known standards such as zeaxanthin 
and saproxanthin. Accurate molecular identifi- 
cation of carotenoids requires more advanced 
organic chemical analysis against standards. 
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Table 2. Morphological characteristics of Flavobacteriaceae marine clade species. 



Genus 


Cell mass color 


Flexirubins 


Cell shape(s) 


Cell size range 
(width X length pm) 


Gliding motility 


Aequorivita 


YorO 


- 


Rods, filaments 


0.2-0.5 X 0.5-20.0 


- 


Arenibacter 


O 


- 


Rods 


0.4-0.7 X 0.3-5.0 


- 


Cellulophaga 


Y-O 


- 


Rods 


0.4-0.8 X 1. 5-4.7 




Croceibacter 


Y 


- 


Rods 


0.3-0.6 X 1.5-5.0 


- 


[C.] latercula 


O-R 


- 


Rods, filaments 


0.3-0.4 X 1.0-40 




[C.J marinoflava 


O-Y 


- 


Rods 


0.5-0.6 X 1. 0-3.0 




Formosa 


Y 


- 


Rods 


0.4-0.9 X 0.8-1.8 




Gelidibacter 


Y 


- 


Rods, filaments^^ 


0.4-0.5 X 0.5-4.0 


V 


GUlisia 


Y 


- 


Rods 


0.7 X 3.0 


- 


Maribacter 


Y 


- 


Rods 


0.3-0.7 X 1.2-10 


- 


Mesonia 


Y 


- 


Rods 


0.4-0.5 X 1. 6-2.3 


- 


Muricauda 


Y 


- 


Rods (appendages)’^ 


0.3-0.6 X 1.1-2.7 




PolaribacteF 


O 


- 


Rods, coils, filaments 


0.3-0.8 X 0.8-48.0 


- 


Psychroflexus 


O 


- 


Rods, coils, filaments^ 


0.2-2 X 2->100.0 


V 


Psychroserpens 


Y 


- 


Rods, vibrioids, coils, helices 


0.5-0.6 X 2.0-20.0 


- 


Robiginitalea 


O 


- 


Rods^ 


0.3-0.7 X 1. 6-5.6 


- 


Salegentihacter 


Y 


- 


Rods, filaments 


0.5-0.8 X 1.2-12 


- 


Tenacibaculum 


Y 


- 


Rods, filaments 


0.4-0.5 X 1.5-30 




Ulvibacter 


O 




Rods 


0.4-0.5 X 2.5-13 


- 


Vitellibacter 


Y-O 




Rods 


0.3-0.5 X 3-10 


- 


Zo be Ilia 


Y-O 




Rods 


0.3-0.4 X 3.0-8.0 





Symbols and abbreviations: Y, yellow; O, orange: R, red; +, present; absent; and V, varies between species. 

""Some genera convert to almost entirely coccoid bodies in stationary growth phase. 

^Muricouda ruestringensis strains form appendages which only emerge from the cell outer membrane and thus are quite 
unlike prostheca, which are contiguous with the cell membrane and cell wall. 

‘'Some but not all species can form gas vesicles (Gosink etal., 1998). 



and this has been rarely done for species in the 
marine clade. 



Physiology 

Overall, marine clade species are mostly adapted 
to cold or cool saline, typically oceanic ecosys- 
tems. None have been found to grow in excess of 
45°C, and tolerance to elevated temperatures 
(>50°C) is very limited. Some species, including 
Polarihacter spp., Psychroserpens burtonensis 
and Psychroflexus torquis, are highly cold 
adapted, can only grow below room tempera- 
ture, and will rapidly lose viability at tempera- 
tures over 20-25 °C. Marine clade species are 
otherwise psychrotolerant or mesophilic (Table 
3), growing well at 20-25°C. The temperature 
requirements clearly relate to the environment 
from which the species were isolated. Thus trop- 
ical environments will usually yield mesophilic 
species while species from polar environments 
do not in general grow at 30°C. 

Sodium is generally required by the marine 
clade. Certain species (Table 3) that inhabit tran- 
sitional marine ecosystems with variable or low 
salt levels, e.g., estuarine waters or the Baltic Sea, 
can grow with without sodium. Some species are 
quite demanding and also require divalent cat- 
ions for growth (Table 3). These species only 
grow in a narrow range of salinity concentrations 



and thus are classic stenohaline species. A 
few species, such as Salegentihacter salegens, 
Psychroflexus gondwanensis and Psychroflexus 
tropicus, are very broadly salt tolerant and are 
found in hypersaline lakes. These are unusual 
phylum Bacteroidetes species in requiring high 
Na ion concentrations (50-100 practical salinity 
units [psu]) for optimal growth. The only other 
known example in the Bacteroidetes is the spe- 
cies Salinihacter ruber (Anton et al., 2002); how- 
ever, this species is only distantly related to the 
Flavobacteriaceae marine clade. Psychroflexus is 
also unusual in that the species have widely vari- 
ant ecophysiology even though they form a dis- 
tinct and coherent genus (Table 3). 

All marine clade species grow aerobically 
and are homogenously chemoheterotrophic in 
nature. Facultative phototrophic, lithotrophic or 
autotrophic growth of any sort does not occur. 
In general, little specific information is available 
on catabolic pathways in the group, though it is 
suspected that most use the Embden-Parnas- 
Meyerhof pathway for D-glucose catabolism. 
A few species can grow anaerobically (Table 4) 
though the mechanisms and extent of this are 
mostly unknown. Muricauda ruestringensis can 
grow under anoxic conditions in complex media, 
but neither ferments carbohydrates nor uses 
nitrate as an alternative electron acceptor. On 
the other hand, Formosa algae and Polaribacter 
species can grow fermentatively on various 
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Table 3. Basic ecophysiological traits of the marine clade of the family Flavobacteriaceae. 



Genus 




Growth temperature (°C) 




Requires 

divalent 

cations 




Salinity requirement 
and tolerance (psu) 




4 


20 


25 


30 


37 


42 


0 


25 


80 


120 


200 


Aequorivita 




+ 


+ 


- 


- 


- 


- 


V 


+ 


V 


- 


- 


Arenibacter 


- 


+ 


+ 


+ 


+ 


V 


- 


- 


+ 


+/- 


- 


- 


Cellulophaga 


+ 


+ 


+ 


V 


V 


- 


V 


- 


+ 


V 


- 


- 


Croceibacter 


- 


+ 


+ 


- 


- 


- 


- 


- 


+ 


+ 


+ 


- 


[C.] latercula 


nd 


+ 


+ 


+ 


- 


- 


nd 


- 


+ 


- 


- 


- 


[C.J marinoflava 


+ 


+ 


+ 


+ 


- 


- 


- 


+/- 


+ 


+/- 


- 


- 


Formosa 


- 


+ 


+ 


+ 


- 


- 


- 


+ 


+ 


- 


- 


- 


Gelidibacter 


+ 


+ 


+ 


V 


V 


- 


- 


- 


+ 


- 


- 


- 


Gillisia 


+ 


+ 


+ 


+/- 


- 


- 


- 


+ 


+ 


- 


- 


- 


Maribacter 


+ 


+ 


+ 


+ 


- 


- 


- 


- 


+ 


- 


- 


- 


Mesonia 


+ 


+ 


+ 


+ 


- 


- 


- 


- 


+ 


+ 


+ 


- 


Muricauda 


- 


+ 


+ 


+ 


+ 


- 


- 


- 


+ 


+ 


- 


- 


Psychroflexus 


























R torquis 


+ 


- 


- 


- 


- 


- 


+ 


- 


+ 


- 


- 


- 


R gondwanensis 


+ 


+ 


+ 


+ 


- 


- 


- 


+ 


+ 


+ 


+ 


+/- 


R tropicus 


- 


+ 


+ 


+ 


+ 


+ 


- 


- 


+ 


+ 


+ 


+ 


Psychroserpens 


+ 


- 


- 


- 


- 


- 


+ 


- 


+ 


- 


- 


- 


Polaribacter 


+ 


V 


- 


- 


- 


- 


+ 


- 


+ 


- 


- 


- 


Robiginitalea 




+ 


+ 


+ 


+ 


+ 


- 


- 


+ 


+ 


- 


- 


Salegentibacter 


+ 


+ 


+ 


+ 


V 


- 


- 


+ 


+ 


+ 


+ 


+ 


Tenacibaculum 


V 


+ 


+ 


V 


V 


- 


V 


- 


+ 


+ 


V 


- 


Ulvibacter 


+ 


+ 


+ 


+ 


- 


- 


- 


- 


+ 


- 


- 


- 


Vitellibacter 


+ 


+ 


+ 


+ 


+ 


+ 


- 


V 


+ 


- 


- 


- 


Zobellia 


- 


+ 


+ 


+ 


+ 


V 


- 


- 


+ 


- 


- 


- 



Symbols and abbreviations: psu, practical salinity units; +, good growth; +/-, weak or delayed growth; V, growth varies between 
species; no growth; and nd, no data available. 



sugars such as D-glucose and D-mannose. 
Denitrification is rare in the clade, and where it 
occurs, none of the denitrifying species appear 
capable of coupling nitrate to anaerobic respira- 
tion. Further analysis is required to confirm den- 
itrification in these strains, including detection of 
nitrite reductase genes and gas chromatography. 
A small proportion of species do not form cata- 
lase (e.g., M. ruestringensis) or form cytochrome 
c oxidase; otherwise most are positive (Table 5), 
reflecting their strictly aerobic nature. All species 
which have been tested use menaquinone-6 as 
the primary isoprenoid quinone in respiratory 
electron transport chains. 

Nutritional Characteristics 

Several species require organic sources of nitro- 
gen and in many cases other unknown growth 
factors found in yeast extract (Table 4). Psy- 
chroserpens burtonensis also requires vitamins 
for growth in defined media and is stimulated by 
the addition of Tweens. Thus generalized defined 
mineral salts media (see example below) are 
supplemented with 0.05% (w/v) yeast extract. 
Optionally vitamin solution such as the one for- 
mulated by Batch and Wolfe (1976) can be added 
as well as Tween 80 (-0.025% [v/v]).The medium 



may not be effective for absolutely every strain, 
owing to lack of knowledge in specific growth 
requirements. Single amino acids (such as L- 
glutamate or L-asparagine) may serve as sole 
nitrogen sources, though data on these require- 
ments are lacking. Overall, marine clade species 
do not have unusual or idiosyncratic substrate 
utilization patterns to obtain energy and carbon. 
Most species can use an array of carbohydrates, 
including D-glucose, a few organic acids (typi- 
cally tricarboxylic acid intermediates), and some 
amino acids. Sugar alcohols, hydrocarbons, aro- 
matic compounds, and nitrogenous compounds 
(such as polyamines) are rarely used for growth. 
Muricauda ruestringensis is an interesting case 
in point since it was isolated from a continuous 
hexadecane-fed chemostat but is unable to uti- 
lize hexadecane or other hydrocarbons. Several 
species are asaccharolytic, preferring amino 
acids as sole carbon and energy sources (Table 
4). Many species can use complex macromolec- 
ular substrates as carbon and/or nitrogen sources 
for growth. The extent of this ability varies 
widely between the genera (Table 4). Cellulose 
may even be degraded by some strains, such as 
Tenacihaculum skaggerakense, even though this 
polymer is not normally found in abundance in 
marine ecosystems. By comparison several spe- 
cies (especially Cellulophaga and Zohellia spp.) 



Table 4. Nutritional and metabolic aspects of members of the Flavobacteriaceae marine clade. 

Utilization of carbohydrates 
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grown on a semi-defined mineral salts medium containing 0.05% (w/v) yeast extract. 

"^Substrate indicated is hydrolyzed by most strains of the respective genus. 

""Tenacibaculum skaggerakense also degrades collagen, hydroxyethylcellulose, barley p-glucans and pullulan. 
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Table 5. Biochemical characteristics and DNA base composition of genera belonging to the Flavobacteriaceae marine clade. 



Genus 


Catalase 


Cytochrome c 
oxidase 


NO 3 reduction to 
NO 2 (Nj, N 2 O) 


H 2 S 

reduction 


Urease 


DNAse 


Esculin 

hydrolysis 


Mol% G + C 


Aequorivita 




V/w 


- 


- 




V 


V 


38-39 


Arenibacter 






V (denitrification) 


- 


ND 


- 


ND 


37-40 


Cellulophaga 






V 


- 


V 


V 




32-38 


Croceibacter 




- 


- 


ND 






- 


35 


[C.] latercula 


- 




- 




ND 




ND 


32 


[C.J marinoflava 






± 


- 


ND 


ND 




37 


Formosa 




- 


- 1 - (denitrification) 


- 




ND 


ND 


34 


Gelidibacter 






- 


- 


- 


V 




36-38 


Gillisia 






- 


- 


- 


- 




38-39 


Maribacter 






- 


- 


ND 


V 


ND 


35-39 


Mesonia 






- 




- 


- 


ND 


32-34 


Muricauda 


- 


ND 


- 


- 


- 


ND 


- 


41 


Polaribacter^ 




V/W 


- 


- 


- 


ND 


V 


31-34 


Psychroflexus 




V 


- 


- 


- 


V 


V 


32-36 


Psychroserpens 




- 


- 


- 


- 


- 


- 


27-29 


Robiginitalea 






- 


- 


- 


- 




55-56 


Salegentibacter 








- 


- 






37-38 


Tenacibaculum 






V 


- 


ND 




ND 


29-32 


Ulvibacter 








- 


- 


- 


ND 


37-38 


Vitellibacter 






- 


- 


- 




ND 


41 


Zobellia 








- 


- 






42-43 



Symbols and abbreviations: +, test positive; V, test varies between species; w, test is weakly positive; ±, result varies between 
literature sources; test negative; and ND, no data. 



can degrade agar and carrageenan, polymers 
produced by many marine macrophytes. Some 
species produce an array of strong proteases 
(which can be demonstrated by the degradation 
of insoluble proteins like elastin), a feature of 
various Aequorivita and Vitellihacter strains 
(Table A). Aequorivita lipolytica also has the abil- 
ity to digest a wide array of lipids and lipid-esters 
including tributyrin, Tweens and olive oil 
(Bowman and Nichols, 2002). The above meta- 
bolic tendencies indicate that marine clade mem- 
bers collectively can decompose and utilize a 
large fraction of organic substances produced in 
ocean surface waters and coastal environments 
(Cottrell and Kirchman, 2000; Kirchman, 2002). 



Defined Medium for Carbon Source Testing 
(Nedashkovskaya et al., 2003a) 



NaNOs 
NH4CI 
Yeast extract 
Carbon source 
Artificial sea salts 



0.02 g 
0.02 g 

0.005 g 
0.4% (w/v) 
100 ml 



The carbon source may include carbohydrates, amino 
acids, and sodium salts of organic acids. Autoclave 121 °C, 
15 min. Filter sterilize some substrates (especially carbo- 
hydrates) because of their heat lability. 



Marine Agar (MA) 



Bacteriological peptone 


5g 


Yeast extract 


2 g 


Ferric pyrophosphate 


10 mg 


Sea salts 


35 g 


Agar (optional) 


15 g 


Distilled water 


1000 ml 



I Alternatively, replace sea salts and distilled water with 
natural seawater. Adjust pH to 7.3-T.5. Autoclave 121°C, 
15 min. 

Marine 2216 agar or broth can also be pur- 
chased dehydrated from Difco Laboratories. 



Chemotaxonomic and 
Genotypic Properties 

All species of the marine clade contain a high 
proportion of branched chain fatty acids (Table 
6). The distribution of other types of fatty acids 
is much more genus or species specific, especially 
monounsaturated fatty acids and hydroxy fatty 
acids (Table 6), while psychrophilic species pro- 
duce a greater proportion of a/rteAo -branched 
chain fatty acids components. A/rteAo -branched 
fatty acids produce more fluid membranes at 
low temperature (Kaneda, 1991) and thus help 
maintain a constant equilibrium in membrane 
viscosity. Only Psychroflexus torquis forms poly- 
unsaturated fatty acids (PUFA), including eicos- 
apentaenoic acid (20:5co3) and arachidonic acid 
(20:4co6), an exceptionally rare ability amongst 
the Bacteria (Russell and Nichols, 1999). PUFA- 
synthesis ability has only been documented 
for various marine, cold-adapted members of 
order Alter omonadales (Gammaproteobacte- 
ria). Eicosapentaenoic acid is also produced by 
the species Flexihacter polymorphus (Johns and 
Perry, 1977), which is only distantly related to the 



Table 6. Whole fatty acid profiles of the genera of the Flavobacteriaceae marine clade. 
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Symbols and abbreviations: +, present; ND, not detected; fatty acid nomenclature: N: n — carbon chain length: number of double bonds; suffixes: i, wo-branched; a, flfztew6>-branched; 2-OH, 
2(a)-hydroxy; 3-OH, 3(p)-hydroxy; cy, cyclopropane group. Fatty acids in bold type are the major components present; t, trace component present at less than 0.5%. 

""1. Aequorivita, 2. Arenibacter, 3. Cellulophaga, 4. Croceibacter, 5. [C.] latercula, 6. [C.] marinoflava, 7. Formosa, 8. Gelidibacter, 9. Gillisia (only major or differentiating fatty acids are 
shown), 10. Maribacter, 11. Mesonia, 12. Muricauda, 13. Polaribacter, 14. Psychroflexus, 15. Psychroserpens, 16. Robiginitalea, 17. Salegentibacter, 18. Tenacibaculum (data only available for 
T. maritimum), 19. Ulvibacter, 20. Vitellibacter and 21. Zobellia. 
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Flavobacteriaceae marine clade. Overall, fatty 
acid profiles are very useful for identifying gen- 
era within the marine clade and are important 
criteria for the description of new taxa. The wide 
range of profiles clearly reflects the evolutionary 
and ecological diversification of the marine clade 
members. 

Polyamines are another useful chemotaxo- 
nomic marker which can be applied to character- 
ize bacterial strains at approximately the family 
or genus level. In the marine clade, the only 
major poly amine present was homospermidine 
(Hamana and Nakagawa, 2001a). Psychroflexus 
torquis was also found to produce a large amount 
of the aromatic amine 2-phenylethylamine 
(Hamana and Niitsu, 2001b). 

Almost all marine clade members have 
genomic DNA G-rC contents falling into a rela- 
tively narrow range of 27-43 mol% (Table 5). A 
significant exception is the species Robiginitalea 
hiformata, which has 55-56 mol% (Table 5), 
among the highest for the Bacteroidetes phylum. 
Further genomic analysis will be required to 
ascertain the genetic and evolutionary signifi- 
cance of this difference, which is probably linked 
to codon usage. 



Pathogenicity 

The only species within the Flavobacteriaceae 
marine clade known to have demonstrable 
pathogenicity impacting on commercial fishing 
are Tenacihaculum maritimum and Tenacihacu- 
lum ovolyticum (reviewed by Bernardet [1998] 
and Kusuda and Kawai [1998]). Tenacihaculum 
maritimum causes flexibacteriosis of several 
commercial fish species, resulting in serious 
erosion of the mouth, tail and fins from 
expanding lesions. Juvenile fish are especially 
susceptible and the disease results in high lev- 
els of mortality; 30% population losses are not 
unusual. Tenacihaculum maritimum was first 
isolated from Japanese sea bream (Hikida 
et al., 1979); however, most commercial fish 
species are affected, including Atlantic salmon. 
Tenacihaculum ovolyticum appears much less 
of a problem though it has been implicated in 
the disease and loss of viability of fish eggs, 
including those of Atlantic halibut (Hansen 
et al., 1992) and sardines (Miguez and 
Combarro, 2003). Polymerase chain reaction 
(PCR) techniques are available that detect as 
little as a single cell of Tenacihaculum mariti- 
mum and other bacterial fish pathogens in 
fish tissue samples (Wilson et al., 2002), thus 
enabling detection of “covert infections” in 
aquaculture farms. 



Preservation 

Almost all marine clade members form stable 
cultures and so can be maintained on agar plates 
or slants at normal growth temperature for 1-3 
weeks, or when kept at 2°C, for 3-12 months. A 
temperature of 2°C is more ideal than 4-5°C as 
fungal contamination is reduced and survival for 
cold-adapted species is enhanced. Mesophilic 
species usually display better survival at slightly 
higher temperatures (typically 5-12°C) and thus 
may be contaminated by fungi. Antifungal com- 
pounds, such as nystatin, should be added to 
media to prevent this. Marine 2216 agar is an 
excellent media for agar storage. Low nutrient 
media or media containing a large amount of 
carbohydrates should not be used. The most 
notable exception to agar storage is the storage 
of Cytophaga latercula, which undergoes rapid 
autolysis and death on agar and so needs to be 
transferred every 1-3 days. Higher incubation 
temperatures require more frequent transfers. 
This species can be conveniently maintained as a 
barely visible suspension in seawater or artificial 
sea salts (30-35 g • liter"^) at 10-15°C for several 
months or even years. This method can be 
applied theoretically for other marine clade spe- 
cies though alternative storage preservation 
procedures should be employed as a general 
precaution. All marine clade species can be pre- 
served by cryopreservation in marine 2216 broth 
mixed with 10-30% (v/v) glycerol. This involves 
creating heavy cell suspensions of strains mixed 
in the cryopreserving medium, which has been 
pre-chilled on ice, and then direct transfer to a 
-70°C or colder freezer. The suspensions can also 
be frozen directly in liquid nitrogen at -196°C. 
The cultures should be replaced on an annual 
basis if possible. Multiple vials of cryopreserved 
cells should be stored in one freezer in addition 
to a back-up set stored in a separate freezer. 
Lyophilization can also be employed using a 
variety of desiccants. Desholme and Bernardet 
(1998) found fetal bovine serum was an excellent 
desiccant for storing Tenacihaculum maritimum. 
Horse serum and skim milk can also be used, 
though results may be variable for some species, 
and lyophilized strains should have a cryopre- 
served back-up. Marine 2216 broth and agar 
(equivalent formula given below) as well as 
general routine growth media can be used as 
resuscitation media for either cryopreserved or 
lyophilized cultures. 

Artificial Seawater Formula (ZoBell, 1946) 



NH 4 N 03 


2 mg 


H 3 B 03 


27 mg 


CaCfi 


1.14 g 


FeP04 


1 mg 
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MgCl 2 5.14 g 

KBr 0.1 g 

KCl 0.7 g 

NaHCOs 0.2 g 

NaCl 24.3 g 

NaF 3 mg 

Na 2 Si 03 2 mg 

Na2S04 4.1 g 

SrCl 26 mg 

Distilled water 1000 ml 



Sea salts can also be purchased from chemical companies 
such as Sigma-Aldrich or from aquarium suppliers (the 
latter source is far cheaper and has a similar level of 
quality). 



Isolation and Cnltivation 

The media useful for isolation of Flavobacteri- 
aceae marine species are shown in Table 1. In 
most cases, strains are obtained by directly plat- 
ing samples onto agar. Seaweed and marine fau- 
nal samples (e.g., holothurians) are usually first 
homogenized in a solution of sea salts or natural 
seawater before plating. Some species, such as 
Mesonia algae, can be obtained easily by first 
allowing the source material to decay in natural 
seawater, e.g., seaweed thallus samples, thus ele- 
vating the populations of heterotrophic decom- 
posers dramatically. Psychrophilic strains have 
enhanced isolation after first pre-enriching sam- 
ples, such as thawed sea-ice, in a suitable medium 
(e.g., marine 2216 broth) at a low temperature 
(0-4 °C) for 24-48 h before plating. The low 
temperature encourages the multiplication of 
psychrophilic species responding to the media 
nutrients. Some species (including Croceibacter 
atlanticus and Robiginitalea biformata) have 
been isolated with the High Throughput Cultiva- 
tion (HTC) technique (Connon and Giovannoni, 
2002; Table 1). The HTC method has been used 
successfully for isolating strains adapted to 
highly oligotrophic (low nutrient) ecosystems 
such as open ocean seawater (e.g., Rappe et al., 
2002). In this procedure the sample, usually sea- 
water, is diluted in 96- or 384-well trays to <10 
cells per well. Cultures grown from each well are 
then screened using fluorescent in situ hybridiza- 
tion (FISH) and 16S rRNA gene sequencing. 
In the case of C. atlanticus and R. biformata, the 
strains were isolated initially using low nutrient 
heterotrophic medium (LNHM) with the HTC 
technique but subsequently grown on marine 
2216 agar. Not all strains obtained by HTC will 
grow on agar; so far it is unknown if this feature 
extends to the Flavobacteriaceae marine clade. 

Zobellia galactanivorans was isolated using 
carrageenan as the sole carbon source (Table 1) 
and thus complex substrates may be ideal for the 
isolation of many species. Suitable substrates 
are listed in Table 4. As most species have been 



obtained on standard complex growth media 
such as marine 2216 agar or dilutions of this 
media, it is possible novel species may be iso- 
lated using more selective substrates as has been 
done successfully for isolating novel soil bacteria 
(Joseph et al., 2003). The incubation temperature 
for primary isolation plates and media usually 
matches the habitat temperature which for most 
marine ecosystems can range from sub-zero tem- 
peratures up to 30°C. 

All strains grow well on marine 2216 agar at 
the incubation temperatures listed in Table 1. 

High Salt Luria Marine Broth (1/5 LMB) (Suzuki 
et al., 2001) 

Tryptone 2 g 

Yeast extract 1 g 

Artificial seawater 1000 ml 

Adjust pH to 7.2. Autoclave 121°C, 15 min. 



Medium B (Ivanova et al., 1996) 



Bacteriological peptone 


2 g 


Casein hydrolysate 


2 g 


Yeast extract 


2 g 


D -Glucose 


1 g 


KH 2 PO 4 (anhyd.) 


20 mg 


MgS04 • 7 H 2 O 


50 mg 


Natural seawater 


500 ml 


Distilled water 


500 ml 


Adjust pH to 7.5-7.S. Autoclave 121°C, 15 min. 



Low Nutrient Heterotrophic Medium (LNHM) 
(Rappe et al., 2002) 



NH4CI 
KH2PO4 
D -Glucose 
D-Ribose 
Sodium succinate 
Sodium pyruvate 
Glycerol 

N - Acetylglucosamine 
Ethanol 

Natural seawater 



1.0 mg 
0.1 mg 
10 mg 
10 mg 
10 mg 
10 mg 
10 mg 
10 mg 

0.002% (v/v) 
1000 ml 



Filter sterilize (0.2 mm) and autoclave the natural seawa- 
ter. Do not add agar to this medium. 



CYT Medium (Johansen et al., 1999) 



Casein 


1 g 


Yeast extract 


0.5 g 


CaCb • H 2 O 


0.5 g 


MgS04 • 7 H 2 O 


0.5 g 


Agar (optional) 


15 g 


Sea salts 


20 g 


Distilled water 


1000 ml 


Adjust pH to 7.3. 


Autoclave 121 °C, 15 min. 



Modified (Hexadecane) Marine Agar (adapted from 
Bruns et al., 2001) 



Bacteriological peptone 


2.5 g 


Yeast extract 


1.5 g 


Hexadecane (optional) 


0 . 2 % (v/v) 


Agar 


15 g 


Sea salts 


22.5 g 


Distilled water 


1000 ml 
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(Adjust pH to 7.2. Autoclave 121°C, 15 min.Used for iso- 
lation of Muricauda ruestringensis, which does not actu- 
ally utilize or benefit from hexadecane. 



Ecology and Habitats 

Studies using 16S rRNA-based clone libraries, 
denaturing gradient gel electrophoresis, and 
FISH indicate most Bacteroidetes in sea-ice and 
seawater belong to the Flavobacteriaceae marine 
clade (Brown and Bowman, 2001; Bano and 
Hollibaugh, 2002; Junge et al, 2002; Brinkmeyer 
et al., 2003; Kirchman et al, 2003). Other lin- 
eages from different families of the Bacteroidetes 
also occur though often at smaller and more 
variable levels. 

From various culture-independent studies, 
marine clade members occur in all marine 
ecosystems which have at least some access to 
oxygen. They also are common in some marine- 
derived environments including saline lakes 
(formed by uplifting of the seabed above sea 
level, e.g., Vestfold Hills, Antarctica) and lithic 
habitats, which act as protective environments 
from harsh climatic conditions including 
desiccation and freezing (Smith et al., 2000). 
This is especially the case for genus Gelidibacter, 
which appears broadly distributed, detected in 
sea-ice at both poles (Bowman et al., 1997c; 
Staley and Gosink, 1999; Brown and Bowman, 

2001) , in cyanobacterial communities living 
under semi-translucent quartz stones in Antarc- 
tic deserts (Smith et al., 2000), widely in seawa- 
ter (Kelly and Chistoserdov, 2001; Macian et al., 

2002) , and in the surface of tropical marine sed- 
iments (Madrid et al., 2001). By comparison, 
Polarihacter has only been isolated and detected 
in sea-ice and seawater of polar oceans, where it 
is one of the dominant taxa present (Staley and 
Gosink, 1999; Brown and Bowman, 2001; Bano 
and Hollibaugh, 2002; Junge et al., 2002; Brink- 
meyer et al., 2003). In regards to the benthos, 
the marine clade only concentrates in sediment 
surface mixed layers in which faunal bioturba- 
tion and oceanic currents provide sufficient oxy- 
genation. The surface mixed layer of continental 
shelf sediments and marine clade members 
appears to be relatively common, making up 
about 10% of the bacterial population (Bow- 
man and McCuaig, 2003a). Further down in 
marine sediment layers, which are fully anoxic, 
different mostly uncultured Bacteroidetes lin- 
eages lying outside of the Flavobacteriaceae 
predominate instead. Marine clade members 
(especially Cellulophaga species) may be en- 
countered in some transitional marine ecosys- 
tems such as estuaries or brackish water (e.g., 
that of the Baltic Sea). Marine clade species 



(described or undescribed) have never been 
isolated from freshwater ecosystems. Related 
genera such as Flavohacterium, Myroides 
and Chryseohacterium are abundant in there 
instead, suggesting these genera may play 
an analogous role in freshwater aquatic 
ecosystems. 

Since they are nonmotile or move by gliding, 
marine clade members benefit most when given 
access to surfaces for colonization. Surfaces 
in turn maximize access to nutrients through 
adsorption of nutrients and formation of bio- 
films. Nutrients are the most important factor 
driving life in the oceans, and marine clade 
organisms have characteristics which are well 
adapted to growth with marine biota, especially 
algae, living on exudates and detritus (including 
both simple compounds and complex macro- 
molecules). The primarily epiphytic nature of 
the Flavobacteriaceae marine clade and efficient 
colonization of marine living surfaces have been 
shown by various FISH analyses. For example, 
marine clade members may make up as much 
as 70% of bacterioplankton associated with 
algal blooms and algal surface biofilms (e.g., 
Glockner et al., 1999). Various other studies also 
indicate that members of the Bacteroidetes can 
proliferate on or in most marine macrobiota 
(Table 1) and in marine aggregates (Grossart 
and Ploug, 2001; Ploug et al., 2002). Psychro- 
philic species have been detected in or isolated 
from sea-ice algal assemblages, with the inci- 
dence for isolation much lower in sea-ice 
lacking algae (Bowman et al., 1997c; Brown 
and Bowman, 2001). The most likely reason for 
this is that algae simply provide surfaces and 
nutrients for bacterial proliferation. Recent 
studies by Junge et al. (2004) indicate that parti- 
cle-associated Flavobacteriaceae marine clade 
species make up the bulk of bacterial popula- 
tions within the brine channels of winter sea- 
ice. The brine channels are an unusual extreme 
environment combining intense cold (-1°C to 
<-20°C) and high salinity (up to 150 psu). Thus 
marine clade species in brine channels represent 
a special variety of extremophiles not found 
anywhere else. Data from such ecosystems may 
have significance for astrobiological research in 
which studies are directed toward possible 
extraterrestrial life in our solar system, which 
may well be mostly extremophilic in nature. 
Many of these extremophilic species remain to 
be cultured, and the biochemical adaptations 
required to survive in such environments are 
also only just now being investigated (Junge et 
al., 2004). It has been suggested that the algal 
phycosphere, the region around algal cells 
enriched with photosynthetically derived exu- 
dates, perhaps held in partially by algal exopoly- 
saccharide gel envelopes (Krembs et al., 2003), 
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is a substrate concentration zone supporting 
enhanced growth at sub-zero temperatures. A 
major hurdle for cold-adapted bacteria is lack of 
cytoplasmic membrane permeability resulting in 
less efficient and slower transport of nutrients; 
enzyme catalysis is also impeded owing to cold 
denaturation. Though the permeability of cyto- 
plasmic membranes is improved by modulation 
of fatty acid components (Kaneda, 1991; Russell 
and Nichols, 1999) and cell membrane proteins 
(e.g., cold-shock-like proteins), high substrate 
and ionic concentration in the external medium 
provide a favorable gradient for nutrient trans- 
port (Tokai et al, 2000) and particularly for 
Na^-substrate coupled co-transport (Wilson and 
Ding, 2001). Sea-ice bacteria are also adept at 
making cold-active enzymes (Nichols et al., 
1999; Deming, 2003). 

The marine clade appears to have ecological 
impacts beyond simple mineralization-based 
commensalism (secondary production); some 
evidence suggests that algal associated species 
may enhance algal growth (Grossart, 1999). This 
could be considered a mutualistic relationship. 
By colonizing the surfaces of some algae or even 
metazoans, some bacterial species can also pro- 
duce compounds which inhibit the settlement 
and colonization of other organisms (e.g., Egan 
et al., 2000). In this respect, toxic secondary 
metabolites allow bacteria to play an aggressive, 
predatory role in food webs. For example several 
strains (mostly related to Cellulophaga, Psy- 
chroserpens and Formosa) can actively attack 
and kill various algal species (Doucette et al., 
1999; Kondo et al., 1999; Nagasaki et al., 2000; 
Skerratt et al., 2000; Adachi et al., 2002), in par- 
ticular dinoflagellates, by producing extracellular 
enzymes and toxic compounds. The lysis of algal 
cells in blooms causes a rapid local increase in 
dissolved and particulate organic matter which 
supports bacterial growth and thus marine clade 
species are probably important in the instigation 
of algal bloom crashes and subsequent decompo- 
sition. This extends to marine aggregates (when 
large enough to see they are referred to as 
“marine snow”), which are exopolysaccharide 
conglomerated clumps of organic detritus gener- 
ated from algal blooms and metazoan activity 
(e.g., zooplankton sloppy feeding and fecal pel- 
lets). As the aggregates sink to the nepheloid 
layer (a layer of suspended particles above the 
ocean bottom) and benthos (biota that live at or 
near the bottom), marine clade members and 
other bacteria actively degrade organic matter, 
thus making the aggregates hot spots of biologi- 
cal activity in an otherwise apparently quiescent 
pelagic zone. The break up of aggregates owing 
to ocean currents and upwelling would help dis- 
tribute cells throughout the ocean to repeat the 
cycle. 



Applications 

Marine clade members have a substantial bio- 
technological potential which so far is virtually 
untapped. Cold-adapted species produce cold- 
active enzymes which have substantial industrial 
utility. The applications in industry are manifold 
and have been extensively reviewed (see, e.g.. 
Bull et al. [2000] and Rothschild and Mancinelli 
[2001]); important focus areas for cold active 
enzymes include janitorial processes, modifica- 
tion of heat labile substances (such as various 
foods) and in energy conservation. For example, 
Cellulophaga algicola isolated from Antarctic 
algae produces a wide range of active extracellu- 
lar enzymes capable of breaking down proteins 
and polysaccharides with temperature optima of 
only 20-30°C and remaining active at subzero 
temperatures (Nichols et al., 1999). Interesting 
uses for these enzymes are beginning to emerge. 
For example, Arenihacter latericius produces 
an enzyme (a-A-acetylgalactosaminidase IV), 
which can specifically modify human erythro- 
cytes (Bakunina et al., 2002). Various marine 
clade species produce specialist fucoidan and 
agarase enzymes (Sakai et al., 2002; Allouch 
et al., 2003) that cleave specific polysaccharide 
chemical bonds and so may have utility in creat- 
ing tailored oligosaccharides for the food and 
pharmaceutical industries. 

The psychrophile, Psychroflexus torquis, as 
previously mentioned produces PUFA, which 
has direct applicability to the nutriceutical indus- 
try. Omega-3 PUFA (including eicosapentaenoic 
acid) is essential for the development of healthy 
infants, provides significant health benefits for 
cardiovascular systems and nervous systems (Li 
and Sinclair, 2002), and may reduce cancer and 
arthritis (Shahidi and Kim, 2002; Tavani et al., 
2003). Arachidonic acid, an omega-6 PUFA, also 
produced by P torquis, also has value as a fine 
chemical and applications as a pharmaceutical. 

Several species of the marine clade, mostly 
undescribed, have been shown to produce bioac- 
tive compounds of pharmaceutical potential 
(e.g., tumor formation inhibitors, neuroactive 
agents; Umezawa et al., 1983; Perovic et al., 1998; 
Yan et al., 2002). Algicidal strains (indicated pre- 
viously) have also been touted as a biocontrol for 
toxic algal blooms, such as the infamous “red 
tide,” which plagues various coastlines and can 
lead to fish kills, damage to the aquaculture 
industry, human health problems, and overall 
degradation of the coastal marine environment. 
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CHAPTER 6.14 

Capnophilic Bird Pathogens in the Family 
Flavobacteriaceae: Riemerella, Ornithobacterium 
and Coenonia 

P. VANDAMME, H. M. HAFEZ AND K. H. HINZ 



Introduction 

Riemerella columhina, Ornithobacterium rhi- 
notracheale and Coenonia anatina were initially 
recognized in the course of long-term studies on 
the etiology of respiratory tract infections in 
birds as phenotypically unusual isolates. The 
reclassification of the organism known as Pas- 
teurella anatipestifer and Moraxella anatipestifer 
(Segers et al., 1993) triggered a series of taxo- 
nomic studies leading to the stepwise character- 
ization and description of O. rhinotracheale 
(Vandamme et al., 1994), C. anatina (Vandamme 
et al., 1999) and R. columbina (Vancanneyt et al., 
1999). There have been no additional studies 
since the original description of the latter two 
organisms. However, the formal description of 
O. rhinotracheale led to a wealth of studies on 
this bacterium because of its recognition as an 
economically important pathogen in turkey and 
chicken husbandry. Rather unexpectedly, 
although not closely related, Riemerella, Orni- 
thobacterium and Coenonia turned out to belong 
to the same major phylogenetic lineage, now 
known as the family Flavobacteriaceae (Bernar- 
det et al., 1996). 



Taxonomy 

Overview 

This group of capnophilic bird pathogens com- 
prises four species. Within the genus Riemerella, 
R. anatipestifer is the type species with R. colum- 
bina as a second species. Ornithobacterium rhi- 
notracheale and C. anatina are the type and only 
species of their respective genera. 

Riemerella anatipestifer has been isolated 
worldwide from domestic and wild birds. The 
organism causes a disease named “exudative sep- 
ticemia” (Riemer, 1904), which particularly 
affects ducks, less frequently geese and turkeys. 



and sporadically chickens and wild birds 
(Brogden, 1989; Hinz et al., 1998b). This patho- 
gen has been classified in the genera Moraxella 
and Pasteurella but was considered species incer- 
tae sedis in Sergey's Manual of Systematic Bac- 
teriology (B0vre, 1984; Mannheim, 1984). Its 
affiliation with the Flavobacterium-Cytophaga 
lineage was suggested by the presence of 
menaquinones as sole respiratory quinones and 
of branched-chain fatty acids in high percent- 
ages, the absence of carbohydrate fermentation, 
a similar pattern of hydrolytic enzymes, the low 
DNA base ratio, and the lack of flagellation 
(Piechulla et al., 1986; Rossau et al., 1991). In 
1993, DNA-rDNA hybridization experiments 
unequivocally demonstrated that this bacterium 
indeed belonged to the Flavobacterium-Cytoph- 
aga lineage (Segers et al., 1993). A novel genus, 
Riemerella, was proposed to accommodate this 
bacterium because of its genomic divergence 
from allied taxa and because of its unique 
chemotaxonomic and phenotypic properties, 
which included a capnophilic metabolism (Seg- 
ers et al., 1993). Subsequent 16S rRNA gene 
sequence analysis confirmed these initial rRNA 
hybridization-based findings (Subramaniam 
et al., 1997; Ryll et al., 2001). 

A group of thirteen R. anatipestifer-likc iso- 
lates from diseased pigeons was included in a 
polyphasic taxonomic study which demonstrated 
that they represented a distinct Riemerella spe- 
cies for which the name R. columbina sp. nov. 
was proposed (Vancanneyt et al., 1999). Shortly 
thereafter, a second group of R. anatipestifer -like 
bacteria, known as “taxon 1502” (Hinz et al., 
1998b), was described using a similar polyphasic 
approach (Vandamme et al., 1999). This study 
entailed the proposal of C. anatina to accommo- 
date taxon 1502 isolates, which originated from 
pekin ducks, muscovy ducks, geese and pigs. 

In the late 1980s the isolation of a pleomorphic 
Gram-negative rod-shaped bacterium from 
turkey and chicken samples in Belgium by Jef 
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Hommez (Provinciaal Verbond voor Dierenziek- 
tenbestrijding, Torhout, Belgium) triggered 
another polyphasic taxonomic study. Similar bac- 
teria had been isolated in Germany, the United 
Kingdom, France, the Republic of South Africa 
and the United States (Charlton et al., 1993; Van- 
damme et al, 1994) and were first reported in 
1993 (Charlton et al., 1993; Hafez et al., 1993). 
The study collection included 21 isolates from 
the respiratory tract of turkeys, chickens, rooks, 
and a partridge, and most isolates were associ- 
ated with various respiratory tract infections 
including tracheitis, pericarditis, sinusitis, airsac- 
culitis, and pneumonia. The taxonomic study 
revealed that they represented a novel bacterium 
for which the name O. rhinotracheale was pro- 
posed. Subsequent studies identified O. rhinotra- 
cheale as a respiratory pathogen in birds 
worldwide. 



Phylogeny 

Together with about 20 validly named genera, 
several generically misclassified organisms, and a 
number of invalid taxa, the genera Riemerella, 
Ornithohacterium and Coenonia form the family 
Flavobacteriaceae (Bernardet et al., 1996; 
Fig. 1). Riemerella anatipestifer and R. columhina 
isolates share a 16S rDNA sequence similarity 
level of about 95% and are closely related to 
Bergeyella zoohelcum, a bacterium isolated from 
cats, dogs and various human clinical specimens 
(Holmes et al., 1986). The average 16S rDNA 
sequence similarity level between Riemerella and 
Bergeyella strains is about 93.5%. Ornithohacte- 
rium rhinotracheale represents a rather distinct 
line of descent within this family, with only about 
87.5% 16S rDNA sequence similarity towards its 
closest neighbors (the genera Empedobacter and 
Weeks ella). Coenonia anatina is closely related to 
members of the genus Capnocytophaga (about 
89.5% 16S rDNA sequence similarity), which are 
capnophilic bacteria occurring in the oral cavity 
of man and animals. 



Identification 

One-dimensional Whole-cell 
Protein Electrophoresis 

In bacterial taxonomy, one-dimensional whole- 
cell protein electrophoresis has been used as a 
most useful primary screening tool for the rapid 
delineation of closely related bacteria (Van- 
damme et al., 1996). Tlie technique is primarily 
a research tool but has been used to recognize 
members of the genera Riemerella, Ornithohac- 
terium and Coenonia and was used as the key 
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instrument to delineate the four species (Segers 
et al., 1993; Vandamme et al., 1994; Vandamme 
et al., 1999; Vancanneyt et al., 1999). Figure 2 
shows the dendrogram derived from the numer- 
ical analysis of the unweighted pair group aver- 
age linkage of correlation coefficients between 
whole-organism protein patterns of strains rep- 
resenting the four taxa and illustrates that they 
are readily distinguishable. 

Whole-cell Fatty Acid Methyl 
Ester Analysis 

The average cellular fatty acid methyl ester com- 
position of Riemerella, Ornithohacterium and 
Coenonia species after cultivation for 48 h on 
tryptic soy agar and preparation and analysis of 
the profiles using the Microbial Identification 
System (Microbial ID, Inc., Newark, DE, USA) 
is given in Table 1. 

The branched chain fatty acids 13:0 iso, 15:0 
iso, 15:0 anteiso, 15:0 iso 30H, and 17:0 iso 30H 
are predominant in all species. Overall, the four 
average fatty acid profiles are clearly different 
and allow a straightforward differentiation of the 
four taxa, including both Riemerella species. The 
fatty acid profiles and in particular the high per- 
centage of 15:0 iso 30H and 17:0 iso 30H and 
an unidentified fatty acid with equivalent chain 
length value of 13.566 also differentiate O. 
rhinotracheale from Capnocytophaga spp. 
(Vandamme et al., 1994). 

DNA Base Compositions 

The DNA base ratio of R. anatipestifer, R. colum- 
hina, O. rhinotracheale and C. anatina is similar: 
33-35, 36-37, 37-39, and 35-36 mol%, respec- 
tively (Segers et al., 1993; Vandamme et al., 1994; 
Vandamme et al., 1999; Vancanneyt et al., 1999). 



Isolation and Growth Conditions 

Riemerella anatipestifer and R. columhina 

During acute septicemic stage of the disease, R. 
anatipestifer can be grown from heart blood, 
brain, airsacs, bone marrow, liver, pneumonic 
lung and fibrinous exudate. Riemerella colum- 
hina has been isolated mostly from samples of 
the respiratory tract. In more chronic cases it is 
often difficult to isolate the agent from the 
lesions. Swabs from the nasal cavity, pharynx and 
upper part of the trachea should be taken from 
birds with clinically inapparent infections. 

Riemerella anatipestifer and R. columhina are 
chemoorganotrophic, mesothermophilic and 
microaerophilic to aerophilic. Trypticase soy 
agar and Columbia agar base with 5-10% defi- 
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Fig. 1. Phylogenetic tree based on 16S rRNA gene sequences of Riemerella, Ornithobacterium and Coenonia strains and the 
type species of the other genera belonging to the family Flavobacteriaceae. The scale bar represents 10% difference in 
nucleotide sequence as determined by measuring the lengths of the horizontal lines connecting any two species. Burkholderia 
cepacia, a beta-proteobacterium, was used as an outgroup species. 
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Fig. 2. Computer-reproduced images and dendrogram derived from the unweighted pair group average linkage of correlation 
coefficients between whole-organism protein patterns (fingerprints) of representative Riemerella, Ornithobacterium and 
Coenonia strains. For O. rhinotr ache ale, the geographic origin of the isolates is given: B (Belgium), Ca (Canada), F (France), 
G (Germany), I (Israel), N (the Netherlands), SA (Republic of South Africa), UK (United Kingdom), and US (United 
States). The numerical analysis was performed using the GelCompar 4.0 software package (Applied Maths, Kortrijk, Bel- 
gium). The profiles were recorded and stored on a PC computer. The similarity between all pairs of traces was expressed by 
the Pearson product moment correlation coefficient converted for convenience to a percent value. 
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Table 1. Whole-cell fatty acid composition of Riemerella, Ornitho bacterium and Coenonia species. "" 



Species 


13:0 

iso 


ECL'’ 

13.566 


15:0 

iso 


15:0 

anteiso 


15:0 

wo30H 


16:0 

30H 


17:0 

w6>30H 


R. anatipestifeC 


15.1 + 3.8 


1.4 ±0.5 


52.4 ± 4.6 


5.4 ±1.1 


8.2 ±2.4 


? 


13.6 ±3.4 


R. columbina'' 


10.1 ±1.8 


Tr 


45.3 ± 3.3 


22.1 ± 3.3 


3.9 ±0.9 


? 


7.0 ±1.5 


C. anatina^ 


33.9 ±4.6 


Tr 


40.8 ± 4.7 


3.2 ± 0.7 


6.4 ±1.3 


4.1 ±0.9 


6.3 ±2.3 


0 . rhinotracheale^ 


Tr 


4.2 ± 1.5 


57.4 ± 6.1 


Tr 


8.1 ±1.9 


2.8 ±1.8 


20.2 ± 5.0 



Abbreviations: ECL, equivalent chain length; and Tr, trace amount (less than 1%). 

""Those fatty acids for which the average amount for all taxa was less than 1 % are not given. Therefore, the percentages for 
each group do not total 100%. Mean percentages and standard deviations are given. 

*’The identity of the fatty acid is not known. 

""Data from Vancanneyt etal. (1999). Riemerella columbina strains also contain 2.0 ± 0.7% of 13:0 anteiso, 1.0 ± 0.2% of 14:0 
iso, 1.0 ± 0.4% of 15:0 20H, 1.0 ± 0.1% of 17:0 20H, and 2.9 ± 1.3% of summed feature 4, which consists of one or more of 
the following fatty acids that cannot be separated by the Microbial Identification System: 15:0 iso 20H, 16:1 co7c, and 16:1 
co7t. 

"^Data from Vandamme etal. (1999). Coenonia anatina strains also contain 2.8 ± 2.4% of 14:0. 

®Data from Vandamme etal. (1994). Ornithbacterium rhinotracheale strains also contain 1.5 ± 1.0% of 17:0 iso, 2.9 ± 1.3% of 
16:0, and 1.1 ± 0.5% of ECL 16.580. 



brinated sheep blood are the only media by 
which riemerellae have been successfully iso- 
lated. At present, a selective medium (containing 
10% defibrinated sheep blood, trypticase soy 
agar, or Columbia agar as the agar base and gen- 
tamycin [80-200 |dg/ml] and neomycin [25-40 pg/ 
ml]) is the medium of choice for the primary 
isolation because other bacterial agents, contam- 
inants or secondary invaders may inhibit or over- 
grow the fragile organisms of riemerellae 
(Kohler et al., 1995). A comparative study 
revealed significantly higher isolation rates with 
the selective medium (Kohler et al., 1995). 

Furthermore, a microaerobic atmosphere 
comprising 5-10% CO 2 and high humidity 
greatly increases the recovery of the riemerellae 
during primary isolation (e.g., candle jar condi- 
tions). After subculturing, some isolates can be 
adapted to grow on conventional media with or 
without additional CO 2 and with or without 
serum. Under strict anaerobic conditions, no 
growth has been observed. 

Although some R. anatipestifer strains grew at 
an incubation temperature of 45°C, no growth 
was obtained at 4 or 55°C; maximum growth usu- 
ally occurs after 48-72 h when incubated at 37°C 
on blood agar in a candle jar. The colonies are 2- 
3 mm in diameter, circular, convex, entire, trans- 
parent to grayish, glistening and butyrous. 

Colonies on transparent medium (e.g., blood 
agar base + 5% serum) show iridescence when 
observed with obliquely transmitted light. 

Coenonia anatina 

This species can be grown from heart blood, 
fibrinous exudate from the surface of the heart, 
brain, and parenchymatous organs of birds with 
symptoms of a septicemic running disease. If the 
respiratory tract is the only affected organ sys- 



tem, swabs from the nasal cavity, infraorbital 
sinus, or trachea and/or samples of pneumonic 
lungs and fibrinous exudate of the air sacs should 
be cultured. 

Coenonia anatina is a chemoorganotrophic, 
mesothermophilic and capnophilic microorgan- 
ism. Similar to R. anatipestifer, the routine 
medium for the isolation is trypticase soy agar or 
Columbia agar base containing 7-10% defibri- 
nated sheep blood. Selective medium supple- 
mented with gentamycin (80 pg/ml) and 
neomycin (40 pg/ml) should be used for the pri- 
mary isolation because fast growing bacteria like 
Escherichia coli or Pseudomonas aeruginosa may 
overgrow or inhibit Canatina (Kohler et al., 
1995). 

Growth is optimal at 37°C in a microaerobic 
and C02-enriched atmosphere with high humid- 
ity. Coenonia anatina does not grow under aero- 
bic conditions and yields weak growth under 
strict anaerobic conditions. Colonies are convex, 
circular, opaque and glistening with entire edges 
and smooth surface on the 24-h blood agar cul- 
ture. After 48-72 h incubation, colonies on selec- 
tive medium may appear more whitish and 
mottled. 

Ornithobacterium rhinotracheale 

Samples for bacterial culture should be collected 
at an early stage of the disease. Trachea, lungs, 
and air sacs are the best tissues from which to 
isolate O. rhinotracheale. Infraorbital sinus and 
nasal cavity are also suitable for culture, but O. 
rhinotracheale can easily be masked by over- 
growth of other bacteria. 

Blood agar with 5-10% sheep blood is com- 
monly used for primary isolation. Ornithohacte- 
rium rhinotracheale also grows readily on 
tryptose soy agar as well as in peptone water and 
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Pasteurella broth, both aerobically and anaerobi- 
cally. There is no growth on MacConkey agar. In 
samples with fast growing bacteria such as E. 
coli, Proteus or Pseudomonas, O. rhinotracheale 
may be overgrown and therefore cannot be 
detected in routine investigation. Most O. rhi- 
notracheale isolates are resistant to gentamycin 
(Hafez et al., 1993). Back et al. (1998) recom- 
mended the use of 10 |dg of gentamycin per ml 
of blood agar medium to isolate O. rhinotrache- 
ale from contaminated samples. Blood agar con- 
taining 5 pg of gentamycin and 5 pg of polymyxin 
per ml of medium can also be used as selective 
medium. 

Incubation of primary plates for 48 hours 
under anaerobic or, preferentially, microaerobic 
(5-10% CO 2 ) conditions is recommended. The 
optimal growth temperature is 37°C. On blood 
agar, the colonies are small, gray-white, opaque, 
nonhemolytic and differ in diameter (1-3 mm). 



Detection and Identification 

Riemerella anatipestifer and R. columbina 

The history of the disease and its clinical signs 
and gross lesions may allow a presumptive diag- 
nosis which has to be confirmed by the detection 
of the causal agent. After isolation, riemerellae 
can be detected and identified using direct and 
indirect methods. 

Among the direct detection methods, immun- 
ofluorescent procedures can be used to identify 
riemerellae in tissues and exudate from infected 
birds (Marshall et al., 1961). More traditionally, 
isolated colonies should be selected and subcul- 
tured for further identification procedures. 
Riemerellae are usually identified by their cul- 
tural and physiological characteristics. 

Riemerellae cells are Gram-negative capsu- 
lated, nonmotile, nonsporeforming rods occur- 
ring singly, in pairs, or as filamentous forms. In 
16-24-h old cultures on blood agar, the rods vary 
from 0.2-0.4 pm in width and 1-5 pm in length. 

The absence of species-specific characteristics 
in conventional macrotests makes reliable iden- 
tification difficult. Riemerella anatipestifer has 
been described as an organism that does not pro- 
duce indole and does not ferment carbohydrates 
(Bangun et al., 1981). However, there is no doubt 
that indole-producing strains exist (Pathanaso- 
phon et al., 1994; Hinz et al., 1998b). Using the 
buffered single substrate test (BSS-test), R. 
anatipestifer and R. columbina oxidatively catab- 
olize several carbohydrates to acid (Table 2). 
Weak acid production by R. anatipestifer from 
carbohydrates may be masked by alkaline break- 
down products from peptone when peptone- 
containing media are used (Hinz et al., 1998a). 
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Commercially available micro-test strips, espe- 
cially those by which the enzyme activity of 
resting cells can be examined, are useful 
identification procedures for R. anatipestifer and 
R. columbina (e.g., API galleries such as 20NE, 
ID 32 E, and ZYM). However, it should be con- 
sidered that the detection sensitivity of these 
commercial systems are different (Hinz et al., 
1998b). 

Table 3 lists differential diagnostic character- 
istics that can be used to distinguish R. anatipes- 
tifer and R. columbina from other bacterial 
species that may be encountered in specimens 
from birds: C anatina, O. rhinotracheale, Chry- 
seobacterium meningosepticum and Pasteurella 
species. Only two characteristics clearly differen- 
tiate R. columbina from R. anatipestifer. pigment 
formation and esculin hydrolysis (p-glucosidase). 
Esculin hydrolysis, gelatinase, hyaluronidase 
(chondroitin sulfatase), and p-galactosidase 
activities are of high differential diagnostic value. 

Indirect detection of riemerellae in ducks can 
be achieved through several enzyme-linked 
immunosorbent assays (ELISAs). Hatfield et al. 
(1987) reported on an ELISA that was more 
sensitive than agglutination tests to detect infec- 
tion with R. anatipestifer by specific serum anti- 
bodies. Huang et al. (2002) developed an ELISA 
using a recombinant 41-kDa partial protein 
(P45N') for the detection of R. anatipestifer 
infections in ducks. More recently, Lobbedey and 
Schlatterer (2003) reported on a direct and an 
indirect ELISA, which were applied for the 
detection of duck antibodies against R. anatipes- 
tifer antigens in egg yolk of vaccinees and in 
serum of their offspring. 

In epidemiological studies, R. anatipestifer 
isolates have been serotyped using agglutina- 
tion and agar-gel precipitation reactions. Both 
of these procedures involve surface antigens 



Table 2. Acid production from carbohydrates in buffered 
single substrate tests by R. anatipestifer and R. columbina. 



Acid from^ 


R. anatipestifer 
Indole - Indole + 


R. columbina 


D-(+)-Glucose 


+/- 


+ 


+ 


D-(-)-Fructose 


-/+ 


+ 


(+)/- 


D-(+)-Mannose 


+/- 


+ 


+ 


Maltose 


+ 


+ 


+ 


Dextrin 


+ 


+ 


+ 


Trehalose 


-/+ 


- 


- 


Saccharose 


- 


-/+ 


- 


L-(-)-Sorbose 


-/(+) 




-/(+) 



Symbols used: +, >90% positive; >90% negative; +/-, >80% 
positive; -/+, >20% negative; and (+), weak or delayed 
positive. 

"“No acid was produced from: adonitol, dulcitol, D-(+)-galac- 
tose, A-acetyl-D-glucosamine, lactose, lactulose, myo-inositol, 
D-(-)-niannitol, salicin, D-(-)-sorbitol, and D-(+)-xylose. 
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Table 3. Main differential characteristics of capnophilic bird pathogens. 



Characteristic 


RA 


RC 


CA 


OR 


CM 


Pas 


Aerobic growth on blood agar 


+ 


+ 


- 


- 


+ 


+ 


Growth on MacConkey agar 










+ 




Colony pigmentation 


- 


+ 


- 


- 


+ 


- 


Motility 


- 


- 


- 


- 


- 


- 


Oxidase 


+ 


+ 


+ 


+ 


+ 


+ 


Catalase 


+ 


+ 


+ 


- 


+ 


+ 


Urease 


V 


V 


- 


+ 


V 


- 


Indole production 


V 


- 


- 


- 


V 


V 


Nitrate reduction 


- 


- 


- 


- 


- 


+ 


Esculin hydrolysis"" (p-D-glucosidase) 


- 


+ 


+ 


- 


+ 


- 


Gelatinase 


+ 


+ 


- 


- 


+ 


- 


Hyaluronidase'’ 


- 


- 


+ 


+ 


ND 


V 


(3 -D-Galactosidase"" 


- 


- 


+ 


+ 


- 


V 


a-D-Glucosidase"" 


+ 


+ 


+ 


+ 


+ 


V 


A- Acetyl-p -glucosaminidase"" 


- 


- 


+ 


+ 


- 


ND 


a-L-Fucosidase "" 


- 


- 


+ 


- 


- 


ND 


Utilization of carbon sources for growth"" 


- 


- 


- 


- 


+ 


- 


Host spectrum 


Birds and 
pigs 


Pigeon 


Anatine 

birds 


Birds 


Humans and 
birds 


Mammals and 
birds 



Symbols used; +, >90% positive; >90% negative; and (+), weak and/or delayed positive. 

Abbreviations: RA, R. anatipestifer; RC, R. columbina; CA, C. anatina; OR, O. rhinotracheale; CM, C. meningosepticum; and 
Pas, Pasteurella species; V, variable, and ND, not done. 

''API-20NE test results. 

‘’Identical with the chondroitin sulfatase test results. 

''API-ZYM test results. 



that are presumed to be polysaccharides. To 
date, 21 serovars have been reported (Pathana- 
sophon et al, 2002). DNA based fingerprinting 
has been performed using restriction endonu- 
cleases analysis (Rimler and Nordholm, 1998), 
repetitive sequence PCR (Huang et al., 1999), 
and restriction fragment length polymorphism 
analysis (Subramaniam et al., 1997). Weng et al. 
(1999) reported that a preliminary analysis of 
hybridization patterns of genomic DNA with an 
insertion element-based probe indicated that it 
might also be a useful tool for epidemiological 
studies. 

Coenonia anatina 

Isolated colonies should be selected and subcul- 
tured for further identification procedures. 
Coenonia anatina is identified by morphological, 
cultural and physiological characteristics. 
Coenonia anatina cells are Gram-negative, non- 
sporeforming, nonmotile rod-shaped bacteria. In 
16-h-old blood agar cultures the mean cell size is 
0.2-0.4 pm in width and 1.25-2.5 pm in length. 
Some cells are spherically swollen, spindle- 
lemon-shaped and arranged in short chains. 

The main differential diagnostic characteris- 
tics distinguishing C. anatina from O. rhinotra- 
cheale, C. meningosepticum, R. anatipestifer and 
R. columbina as well as Pasteurella species are 
given in Table 3. Differential features towards 
Capnocytophaga species, the close phylogenetic 



neighbors of C. anatina, have been reported 
(Vandamme et al., 1999) but are not presented 
here because Capnocytophaga has not been 
detected in birds up to now. 

The enzyme-based activity profile of C. ana- 
tina has a higher degree of similarity to O. rhi- 
notracheale than to the riemerellae. The main 
features that allow the differentiation of C. ana- 
tina from O. rhinotracheale are the presence of 
catalase and a-L-fucosidase activity, esculin 
hydrolysis, and the absence of urease activity. 
However, it should be considered that 1-4% of 
the O. rhinotracheale field strains give a positive 
catalase reaction. 

In contrast to R. anatipestifer and R. colum- 
bina, C. anatina strains display nearly identical 
carbohydrate acidification patterns when the test 
results in conventional biochemical and buffered 
single substrate test systems are compared. 
Coenonia anatina can be distinguished from 
riemerellae in being gelatinase negative and 
hyaluronidase, chondroitin sulfatase, A-acetyl-p- 
glucosaminidase and a-L-fucosidase positive. 

Ornithobacterium rhinotracheale 

Clinical signs and lesions are of little value for 
diagnosis since many other infectious agents can 
produce similar clinical signs and post-mortem 
lesions. Accurate diagnosis must be substanti- 
ated by direct detection or cultural isolation of 
the causative bacteria and/or indirectly through 
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Fig. 3. Algorithm for specific 
laboratory diagnosis of O. 
rhinotracheale (Hafez, 2002). 
PCR, polymerase chain reaction; 
ELISA, enzyme-linked immun- 
osorbent assay; ORT, Ornitho- 
bacter rhinotrachaele; and AGP, 
agar gel precipitation. 



detection of antibodies using serological exami- 
nation (Fig. 3). 

Ornithohacterium rhinotracheale cells are 
Gram-negative pleomorphic rods. They produce 
oxidase but not indole. Nearly all isolates are (3- 
galactosidase (ortho-nitrophenyl-p-D-galacto- 
side; ONPG) positive and catalase negative, and 
most of them reacted positively in the urease 
test. However, Ryll et al. (2002) were able to 
isolate and identify a cytochrome-oxidase nega- 
tive strain of O. rhinotracheale from turkeys. 

Biochemical examination using commercial 
biochemical API 20 NE test-kit (Bio-Merieux, 
France, or API 20 NFT, United States) revealed 
for 99.5% of O. rhinotracheale strains a reaction 
code of 022 000 4 (61%) or 002 000 4 (38.5%). 
Further identification could be carried out using 
API ZYM test system or fatty acid profile. 
Another commercial identification system, the 
RapID NF Plus system (Innovative Diagnostics, 
United States), gave high identification scores 
(Biocodes 4-V-2-2-6-4, 4-V-6-2-6-4, 6-7-6-2-6-4 or 
V-2-2-6-4) when 110 strains were tested. 

A specific polymerase chain reaction (PCR) 
test can be performed for the direct detection of 
O. rhinotracheale using the primer combination 
OR16S-F1 (5'-GAG AAT TAA TTT ACG GAT 
TAA G) and OR16S-R1 (5'-TTC GCT TGG 
TCT CCG A AG AT). This combination ampli- 
fies a 784-bp fragment of the 16S rRNA gene of 
O. rhinotracheale, but not of other closely related 
bacteria with which O. rhinotracheale could be 
confused (Van Empel, 1998a; Hung and Alva- 
rado, 2001). This PCR assay needs optimization 
for the direct demonstration of O. rhinotracheale 
in diagnostic material. A sensitive immunohis- 
tochemical staining procedure was described by 
Van Empel et al. (1999b). Using this procedure, 
it was found that O. rhinotracheale was the cause 
of 70% of the cases with respiratory symptoms 
in broiler chickens, while by cultural and/or sero- 
logical examination only 30% of the cases could 



be associated to O. rhinotracheale (Van Empel 
et al., 1999b). 

Serological examination for indirect detection 
of O. rhinotracheale through the presence of 
antibodies in blood serum of birds can be carried 
out using a slide agglutination test prepared from 
different serovars, ELISA-tests, or dot-immu- 
nobinding assay (Erganis et al., 2002). The sero- 
type specificity of the ELISA depends on the 
method of antigen extraction used for coating 
the ELISA plates. Boiled extract antigens are 
serotype-specific (Van Empel et al., 1997), while 
antigen extraction with sodium dodecyl sulfate 
(SDS-antigen) results in more cross-reactions 
(Hafez and Sting, 1999a). Self made ELISA 
(SDS-extraction) as well as two commercially 
available ELISA-kits (Biocheck and IDEXX) 
allowed detection of antibodies against all tested 
O. rhinotracheale serovars (Hafez et al., 2000). 
Generally, using ELISA, antibodies against O. 
rhinotracheale can be detected in serum and egg 
yolk shortly after infection, and titers will peak 
between 1 and 4 weeks postinfection (Van 
Empel et al., 1996). Because titers decline rap- 
idly after peaking, serum samples for flock 
screening should be taken frequently. 

Ornithohacterium rhinotracheale isolates have 
been subtyped through serology and DNA fin- 
gerprinting (Hafez and Beyer, 1997). Serotyping 
approaches included specific antisera in agar gel 
precipitation, ELISA, and rapid slide agglutina- 
tion (Back et al., 1998; Bock et al., 1997; Van 
Empel et al., 1997; Van Empel, 1998a; Hafez and 
Sting, 1999a). Currently 18 serovars designated 
“A” to “R” have been reported. Most chicken 
isolates belong to serovar A, whereas turkey iso- 
lates are more heterogeneous and belong to 
serovars A, B and D (Van Empel and Hafez, 
1999a). Ornithohacterium rhinotracheale isolates 
have also been typed by using several DNA 
fingerprinting methods including multilocus 
enzyme electrophoresis, ribotyping, random- 
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amplified-polymorphic-DNA (RAPD) and rep- 
PCR (Amonsin et al., 1997; Hafez and Beyer, 
1997; Leroy-Setrin et al, 1998; Hung and 
Alvarado, 2001). 

Habitat, Epidemiology and Disease 

Riemerella anatipestifer and R. columbina 

NATURAL HABITAT. Riemerella anatipestifer 
is distributed worldwide in a wide spectrum of 
hosts. It has been isolated from domesticated 
ducks, geese, turkeys, chickens and budgerigars 
as well as from wild Anatidae but also from 
pheasants, guinea fowl, quail, partridges, 
guillemots, gulls and the lungs of domesticated 
pigs with severe pneumonia. Riemerella anatip- 
estifer may persist on the mucosa of the upper 
respiratory tract and pharynx of clinically 
healthy birds (Ryll et al., 2001). 

There are no indications that this organism can 
multiply outside the host in the environment. 

EPIDEMIOLOGY. Riemerellosis is primarily 
a disease of young domestic ducks and geese, but 
affects also turkeys and sporadically chickens 
and pheasants. It is unknown how R. anatipestifer 
is introduced into the flock. The microorganism 
is probably egg-transmitted, with lateral spread 
most commonly via the respiratory route. 
Adverse environmental conditions and concom- 
itant infections often predispose birds to out- 
breaks of the disease. At present, there is no 
information on the epidemiology of R. colum- 
bina. 

DISEASE. The clinical signs reflect the 
involvement of R. anatipestifer with both the 
respiratory tract and the nervous system. In 
duckling flocks, outbreaks of the disease appear 
mostly between the second and eighth, seldom 
up to tenth, week of age. Signs most observed in 
an acute case are ocular and nasal discharge and 
greenish diarrhea. As the disease progresses, leg 
weakness, ataxia, tremor of the head and neck, 
loss of equilibrium, and torticollis become the 
prominent signs. 

The mortality ranges between 1 and 10%. Sur- 
viving birds may be stunted. 

The most obvious gross lesion is fibrinous exu- 
date, which covers serosal surfaces in general, 
but is most evident in pericardial cavity and over 
the surface of liver and airsac.The fibrin contains 
a few inflammatory cells, primarily mononuclear 
cells and heterophils. The spleen may be 
enlarged and mottled. Fibrinous meningitis in 
both acute and subacute phase may be found. 
Localized inflammations usually occur in the 
skin and joints. 

The present knowledge on the significance of 
R. columbina as a pathogen is limited. The clin- 
ical signs and gross lesions indicate the involve- 



ment of R. columbina as a pathogenic agent in 
the genesis of severe respiratory disease of 
pigeons. 

Coenonia anatina 

NATURAL HABITAT. Coenonia anatina has 
been found in anatine birds from Germany, 
England and Thailand. It has been grown from 
samples of commercial ducks, muscovy ducks, 
geese, and in one case, also from a single 
pigeon (B. Kohler, personal communication). 
Coenonia anatina may persist on the mucosa of 
the upper respiratory tract. There are no indi- 
cations for its multiplication outside the host in 
the environment. 

The isolation of C. anatina as pure culture, or 
together with R. anatipestifer, Salmonella enterit- 
idis or E. coli, from samples of the respiratory 
tract (pneumonic lungs, air sac fibrin and pericar- 
dium) and brain of ducks and geese was always 
associated with signs similar to those of the R. 
anatipestifer-assocmtQd exudative septicemia. 

Coenonia anatina was recovered from over 
30% of the cases of septicemia-related losses in 
commercial duck flocks of the northern part of 
Germany in the period 1994-1995. Vaccination 
with inactivated whole-cells induced specific pro- 
tection in ducklings. All these data and observa- 
tions support its etiological involvement in the 
pathological process of diseases, which have 
been seen under field conditions (Vandamme 
et al., 1999). 

With regard to the epidemiology, pathogenic- 
ity, disease and treatment, no further scientific 
findings are available at present. 

Ornithobacterium rhinotracheale 

NATURAL HABITAT. Ornithobacterium rhi- 
notracheale has been isolated from chickens, 
chukar partridges, ducks, geese, guinea fowl, 
gulls, ostriches, partridges, pheasants, pigeons, 
quail, rooks and turkeys. Results of molecular 
epidemiological investigation indicate that the 
majority of O. rhinotracheale isolates recovered 
from domesticated poultry worldwide are repre- 
sented by a small group of closely related clones 
and suggest that it was recently introduced to 
domesticated poultry from wild bird population 
(Amonsin et al., 1997). 

EPIDEMIOLOGY. The disease is spread hor- 
izontally by direct and indirect contact through 
aerosols or drinking water. Vertical transmission 
is suspected, since some workers have isolated O. 
rhinotracheale in isolated cases from reproduc- 
tive organs and hatching eggs, infertile eggs, and 
dead embryos after experimental infection. 

DISEASE. The severity of clinical signs, dura- 
tion of the disease and mortality are extremely 
variable and are influenced by many environ- 
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mental factors such as poor management, inade- 
quate ventilation, high stocking density, poor 
litter conditions, poor hygiene, high ammonia 
level, concurrent diseases, and the type of sec- 
ondary infection. Outbreaks in turkey flocks 
have been observed mostly in male birds over 14 
weeks of age. However, in many cases, the dis- 
ease also affected young poults (2-8 weeks old). 
The mortality ranges between 1-15% during the 
acute phase (8 days). Initial symptoms are 
coughing, sneezing and nasal discharge followed 
in some cases by severe respiratory distress, dys- 
pnea, prostration and sinusitis. The symptoms 
are accompanied with a reduction in feed con- 
sumption and water intake. In turkey breeder 
flocks, clinical signs are accompanied mostly with 
drops in egg production and increases in the 
number of unsettable hatching eggs. Clinical 
signs in broilers generally appear between the 
third and fourth week of age with a mortality 
rate of 2-10%. The clinical signs are depression, 
decrease in food intake, reduced weight gains, 
transit nasal discharge, and sneezing, followed by 
facial edema. In broiler breeders and layers, the 
disease primarily affects the birds at the peak of 
production, mostly between age 24 and 52 weeks. 
The first signs are mild respiratory symptoms. 
The mortality is variable and relatively low in 
uncomplicated cases. Gross lesions are similar to 
those seen in fowl cholera in turkeys but to lesser 
extent. They are characterized by uni- or bilat- 
eral fibrinopurulent pneumonia and airsacculitis. 
Mild tracheitis, pericarditis and enteritis may 
also be detected. 



Pathogenicity 

Riemerella anatipestifer is a bacterial pathogen 
that causes a fatal septicemic disease primarily in 
ducklings and less frequently in goslings and tur- 
key poults and only sporadically in chicks. Possi- 
bly it is also pathogenic for domesticated pigs. 

The disease can experimentally be reproduced 
in healthy ducks by exposure to R. anatipestifer. 
The age of the bird, its genetically determined 
susceptibility and immune status, as well as the 
potential virulence of R. anatipestifer play an 
important role in the severity of the disease, 
which can be established most consistently by 
parenteral (e.g., intravenous, subcutaneous, or 
airsac) injection of the microorganism. On the 
basis of the difference in incidence, severity and 
extent of the disease, strains can be classified into 
four categories: highly virulent, virulent, slightly 
virulent, and avirulent. 

To date, little is known on the possible viru- 
lence factors of R. anatipestifer involved in the 
pathogenesis of the disease. Obviously, factors 
exist that correlate with virulence as not all 
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strains have the capacity to induce a disease. The 
production of a fibrinolytic enzyme (Bangun 
et al., 1981) and hemolysin by some strains may 
increase their invasiveness. Chang et al. (1998) 
described five different plasmid DNA profiles 
among R. anatipestifer strains. A 3.9-kb plasmid, 
designated “pCFC 1,” seemed to be a virulence 
factor. This plasmid contained at least four open 
reading frames (ORFs) designated “vopD,” two 
of which (vapDl and vapT>2) encoded proteins 
homologous to virulence-associated proteins of 
chromosomal origin that have been found in 
other pathogens such as Dichelobacter nodosus, 
Haemophilus influenzae, Actinobacillus actino- 
mycetemcomitans and Neisseria gonorrhoeae. 
Weng et al. (1999) subsequently identified a vir- 
ulence-associated protein homolog gene and a 
novel insertion sequence element, designated 
“ISRal,” in a second plasmid of 5.6 kb, pCFC2. 
The complete sequence of pCFC2 had a 28% 
G-fC content and three large ORFs. ISRal was 
flanked by 15-bp imperfect inverted repeats and 
contained an ORF encoding a putative trans- 
posase of 292 amino acids. Southern blot analysis 
indicated that in R. anatipestifer strains exam- 
ined, ISRal was present with at least 2-20 copies. 
Crasta et al. (2002) identified and characterized 
the genetic determinant {cam) of the cyclic AMP 
(CAMP) cohemolysin as a potential virulence 
factor. 

Ornithobacterium rhinotracheale is a severe 
respiratory pathogen. Strains isolated from tur- 
keys, chickens or partridges were used for aero- 
sol challenges of both turkeys and broilers of 
various ages (Van Empel et al., 1996). Under 
experimental conditions, the most severe symp- 
toms and pneumonic lesions were produced in 
turkeys when O. rhinotracheale was inoculated 
following exposure to Bordetella avium, E. coli 
078:H9, turkey rhinotracheitis virus, Newcastle 
disease virus, infectious bronchitis virus as well 
as Chlamydophila psittaci. Neither the origin nor 
the serovar of the O. rhinotracheale strains had 
an effect on the pathogenicity (Van Empel and 
Hafez, 1999a). In other studies, airsacculitis, 
pneumonia, and increased mortality were 
observed after aerosol, intratracheal, intrave- 
nous and/or intrathoracal inoculation without a 
primer (Ryll et al., 1997; Sprenger et al., 1998). 

Treatment 

Riemerella anatipestifer and R. columbina 

ANTIMICROBIAL SUSCEPTIBILITY. Most 
strains of R. anatipestifer are susceptible to enro- 
floxacin, amoxicillin, chloramphenicol, novobio- 
cin, spiramycin, lincomycin and tetracyclines. 
Strains were often resistant to penicillin G, strep- 
tomycin and sulfonamides. Recently, an increase 
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in multiresistant strains has been observed 
(Kohler et al, 1995). More than 90% of the 
strains are resistant to kanamycin, colistin, gen- 
tamycin, neomycin and polymyxin B. 

There are indications that the susceptibility of 
R. columhina is similar to that of R. anatipestifer. 

ANTIMICROBIAL TREATMENT The bac- 
terial agent responds to drugs added to drinking 
water or parenterally injected. However, the 
degree of success varies among antibacterial 
drugs. Satisfactory treatment of acute riemerel- 
losis is achieved if medication is started immedi- 
ately after onset of clinical signs. Treatment is of 
considerable value in preventing disastrous 
losses when other control measures fail. 

VACCINATION. Formalin-inactivated bacte- 
rin has been found effective for immunization of 
ducklings. Since immunity induced by bacterin is 
serovar-specific, bacterin should contain cells of 
predominant serovars (i.e., serovar 1) to provide 
an effective protection. Ducklings are vaccinated 
at 2-3 weeks of age. 

The best results in ducklings are obtained by 
vaccination of the female breeder duck flocks. 
This induces maternally derived antibody levels 
in their progeny, resulting in significant protec- 
tion for 2-3 weeks. 

A live vaccine has been reported to provide 
significant protection against riemerellosis when 
administered to 1 -day-old ducklings by aerosol 
or drinking water. A single vaccination provided 
protection for at least 42 days (Sandhu, 1991). 
The generation of protective immunity against 
R. anatipestifer infection in ducks has been inves- 
tigated by immunizations with recombinant glu- 
tathione sulfatransferase (GST) fusion proteins 
consisting of OmpA (a 42-kDa major outer 
membrane protein) and P45N' (a 41-kDa N-ter- 
minal fragment of a newly identified 45-kDa 
potential surface protein from R. anatipestifer, 
Huang et al., 2002). The DNAs encoding OmpA 
and P45N' were isolated from R. anatipestifer 
serotype 15 (field strain 110/89) and serotype 19 
(reference strain 30/90), respectively. Immunob- 
lotting and ELISA results showed that the puri- 
fied recombinant proteins induced the 
production of antibodies in immunized ducks. 
However, neither was protective against subse- 
quent challenge with the virulent serotype 15 
strain 34/90. All the five ducks immunized with 
formalinized R. anatipestifer strain 34/90 sur- 
vived the challenge with the homologous strain, 
whereas six out of seven ducks in the nonimmu- 
nized control group died within a week following 
the challenge. 

Ornithobacterium rhinotracheale 

ANTIMICROBIAL SUSCEPTIBILITY. Sev- 
eral studies on antimicrobial resistance profiles 



of O. rhinotracheale have been published (Hafez 
et al., 1993; Devriese et al., 1995; Malik et al., 
2003; Soriano et al., 2003). 

In 1995, Devriese et al. reported on exception- 
ally high levels of acquired resistance to various 
groups of antibiotics including penicillin- 
cephalosporin, lincosamide and macrolide, and 
fluoroquinolone antibiotics in Belgium. Malik et 
al. (2003) examined in vitro antibiotic resistance 
profiles of 125 isolates of O. rhinotracheale 
isolated from turkeys in Minnesota during 
1996-2002. A majority of isolates was sensitive 
to clindamycin, erythromycin, spectinomycin 
and ampicillin. Resistance against sulfachloropy- 
ridazine decreased from 1996 to 2002, but an 
increase in resistance was seen against gentamy- 
cin, ampicillin, trimethoprim sulfa, and tetracy- 
cline. The resistance against penicillin remained 
constant from year to year. Soriano et al. (2003) 
determined the minimal inhibitory concentra- 
tions of 10 antimicrobial drugs for Mexican iso- 
lates and found a marked resistance trend. The 
susceptibility of O. rhinotracheale to amoxicillin, 
enrofloxacin, and oxytetracycline was variable. 
However, consistent higher minimal inhibi- 
tory concentration values were obtained for 
gentamycin, fosfomycin, trimethoprim, sulfame- 
thazine, sulfamerazine, sulfaquinoxaline, and 
sulfachloropyridazine. 

In Germany (own results), all tested O. 
rhinotracheale isolates (100%) showed high 
sensitivity to amoxicillin, chloramphenicol and 
chlortetracycline. About 90 and 36% of the iso- 
lates were found to be sensitive to erythromycin 
and furazolidone, respectively. In addition, only 
6% of tested isolates were found to be sensitive 
to enrofloxacin. None of isolates were suscepti- 
ble to apramycin, neomycin, gentamycin and 
sulfonamide/trimethoprine (Hafez, et al., 1993). 
The sensitivity to enrofloxacin seems to be ori- 
gin-related, since most of turkey isolates from 
Germany and the Netherlands are resistant, 
while 98% of strains from France and 71 % of iso- 
lates from Belgium are sensitive to enrofloxacin. 

ANTIMICROBIAL TREATMENT. The 
treatment of infections with antibiotics is very 
difficult because of the inconsistent sensitivity of 
the strains and regional variation in the sensitiv- 
ity of O. rhinotracheale to antibiotics. It is advis- 
able in all cases to estimate the sensitivity of 
strain involved. Under field conditions, however, 
water medication using amoxicillin at a dose 
level of 250 ppm for 3-7 days gives satisfactory 
results. 

CONTROL. Ornithobacterium rhinotracheale 
is highly sensitive to different chemical disin- 
fectants. Preparations of VENNO-VET 1 super 
(based on different organic acids [formic and gly- 
oxyl acids]) and VENNO-FF super (containing 
different aldehydes) allowed in vitro inactivation 
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of O. rhinotracheale at concentrations of 0.5% 
within 15 minutes (Hafez and Schulze, 2003). 
However, currently, O. rhinotracheale infection 
appears to have become endemic and can affect 
every new restocking even in previously cleaned 
and disinfected houses, especially in areas with 
intensive poultry production as well as on multi- 
ple age farms. Failure to clean and disinfect prop- 
erly after an infected flock has left can cause 
infection of neighboring flocks and the continu- 
ous cycling of the causative agent from house to 
house. 

VACCINATION. Several attempts to combat 
the disease using vaccines were carried out with 
different results. Vaccination trials using autoge- 
nous bacterins successfully reduced the number 
of outbreaks of O. rhinotracheale infections in 
turkey flocks in the held (Bock et al., 1997). Vac- 
cination trials using inactivated vaccine in min- 
eral oil adjuvant in broiler, in broiler breeders as 
well as in turkey flocks were carried out. The 
early results are promising, and the vaccine gives 
good protection (Van Empel and Van den Bosch, 
1998b; Hafez et al., 1999b). Live vaccination is 
also feasible, but up to now, no nonvirulent 
strains of O. rhinotracheale have been found. A 
temperature sensitive mutant of O. rhinotrache- 
ale has some protective properties, but more 
tests are needed to evaluate the efficacy and 
safety of this strain (Lopes et al., 2002). Cur- 
rently, inactivated vaccine in mineral oil adjuvant 
for broiler breeders (Intervet) is commercially 
available. 
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CHAPTER 6.15 

The Genus Capnocytophaga 

E. R. LEADBETTER 



Introduction/Habitat 

Bacteria included in the genus Capnocytophaga 
typically are aerotolerant anaerobes with a 
requirement for significant quantities of carbon 
dioxide (CO 2 ) for initiation of growth — aerobic 
as well as anaerobic — and with the ability to 
form thin, spreading colonies (i.e., exhibit sur- 
face translocation) on solid media. They are com- 
mon inhabitants of dental plaque in the oral 
cavities of mammals, from which they can be 
isolated in instances of periodontal diseases as 
well as from healthy individuals (Paster et al., 
2001); they are less frequently isolated from 
lesions resulting from dog and cat bites and from 
inadvertant oral microbial contamination of 
open wounds (e.g., Chadha and Brady, 1999; 
Alexandrakis et al., 2000; Phibbs et al., 2002). 

Seven species of the genus are presently rec- 
ognized (C. ochracea, gingivalis, sputigena, cani- 
morsus, cynodegmi, hemolytica and granulosa) 
on the basis of several polyphasic analyses 
including phenotypic trait analysis, 16S rRNA 
analysis, DNA-DNA hybridization, fatty acyl 
composition of cell lipids and cellular protein 
profiles (Williams and Hammond, 1979a; Van- 
damme et al., 1996). 

Shortly after the initial characterization of 
isolates and grouping into three species (C. 
ochracea — the type strain, C. gingivalis and C. 
sputigena] Leadbetter et al., 1979), it was noted 
that strains otherwise uncategorized (known as 
“dysgonic fermenters,” e.g., group DF-1 of the 
United States Centers for Disease Control and 
Prevention [CDC]) should properly be consid- 
ered Capnocytophaga (Williams et al., 1979b). 

Several DF-2 and DF-2-like isolates came to 
be considered identical to strains isolated from 
the mouths of dogs and were termed “C. cani- 
morsus'' and “C. cynodegmC (Brenner et al. 
1989), even though these latter species (unlike 
the type strain and other species) possessed cat- 
alase and oxidase activities. The properties of the 
Gram-negative fusiform cells in CDC group DF- 
3 resemble but are not identical to those of DF- 
1 and DF-2; these strains are not presently con- 



sidered capnocytophagas (Vandamme et al., 
1996). 

Human oral cavity isolates labeled originally 
Sphaerocytophaga (Graf, 1961; Graf, 1962) and 
Bacteroides oralis var. elongatus (Loesche et al., 
1964) were so regarded probably because their 
traits were incompletely described, unrecog- 
nized, or of mistaken significance; such strains 
are now regarded as Capnocytophaga. Their 
DNA G-fC content is 36-44 mol%. 

As revealed by phylogenetic analyses of 16S 
rRNA, the seven species are quite closely related 
(see Bernadet et al., 2002) and constitute a 
cohesive subgroup of the proposed family 
Flavobacteriaceae. 

As originally noted (Holt et al., 1979b), Cap- 
nocytophaga cells are judged Gram-negative 
both from actual staining results and from trans- 
mission electron microscopic analysis of the cell 
envelope. Surface appendages such as fiagella or 
pili have not been observed, nor have significant 
intracellular inclusions regularly been reported. 

The slender rods (ca. 0.6 pm x 4-7 pm) appear 
to have smooth, blunt, rounded poles when 
unstained preparations are viewed by phase- 
contrast optics, but cells stained for light micro- 
scopic examination appear with pointed ends 
and irregular surface “blebs” apparently result- 
ing from cell distortion during the drying and 
staining procedures (Holt et al., 1979b). 

Physiological, Biochemical and 
Chemotaxonomic Properties 

As noted, these bacteria are able to initiate colo- 
nial growth in air, or in its absence, provided 
elevated concentrations (5-10%, v/v) of CO 2 are 
available. Samples streaked from dental plaques 
form thin “lens-paper” gray colonial growth 
(best observed with oblique illumination) that 
spreads beyond the streak-lines as a result of 
gliding motility. Such growth is usually seen best 
on trypticase soy, brain heart infusion, or Todd- 
Hewitt agar supplemented with sheep or other 
blood (Leadbetter et al., 1979; Vandamme et al.. 
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1996). Upon transfer of such growth, more luxu- 
riant growth occurs, and growth on the streak- 
lines appears as gray, pink or iridescent, but cell 
masses removed by scraping are yellow. The dif- 
ferent colonial hues are considered to result 
from the arrangement of cells of different sizes 
and this arrangement is characteristic for each of 
the species (Holt et al., 1979a). Cell masses col- 
lected from liquid cultures are likewise yellow; 
the pigment is considered to be of flexirubin-type 
although detailed chemical analysis of the cap- 
nocytophaga pigment has not been reported, and 
not all species have been shown to become red 
or pink when treated with 10% (w/v) KOH; this 
latter color change is considered indicative of 
flexirubins. 

The growth requirement for CO 2 , added as 
bicarbonate to liquid media, is not readily appar- 
ent when inocula are large masses of cells from 
colonies or from another liquid culture. This 
seemingly occurs because the inoculated popula- 
tion is sufficiently large and metabolically active 
to generate enough CO 2 to enable growth. 

Acetate and succinate are the other major 
metabolic end products. The relationship 
between the need for larger-than-normal 
amounts of CO 2 and a role for C 02 in a truncated 
propionic-type fermentation (accumulation of 
succinate) was at first inferred (Leadbetter et al., 
1979) and later experimentally established 
(Calmes et al., 1980). In addition, the decarbox- 
ylation of pyruvate was experimentally estab- 
lished to account for acetate and CO 2 production 
(Kapke et al., 1980). 

Although it is generally regarded that capno- 
cytophagal growth in the presence of air is a 
result of fermentation rather than respiration, a 
single persuasive study (Spratt et al., 1996) dem- 
onstrates that the cell yield of C. gingivalis 
growth with glucose is comparable to that of 
other aerobic heterotrophs growing via respira- 
tion. Given this result, and the probable reduc- 
tion of fumarate in accounting for succinate 
formation, it may be more appropriate to con- 
sider Capnocytophaga physiology not as fermen- 
tative but rather respiratory (either aerobic or 
anaerobic). The presence of benzidine-reactive 
components (cytochromes?) along with the 
assumed activities of respiratory quinone (pri- 
marily menaquinone-6) seems consistent with 
such an argument for respiration. 

The capnocytophagas were first noted to con- 
tain unusually (at that time) large amounts of 
odd-number, iso and a/rteAo-branched, hydroxy- 
lated fatty acyl moieties. These have been shown 
to be characteristic components of the novel sul- 
fonolipids (“capnoids: capnine and A-acyl cap- 
nine”) that constitute as much as 20% of the 
total cell lipid (Godchaux and Leadbetter, 1980). 
Lipid of this type and quantity is a common fea- 



ture of many cytophaga and flavobacters and 
may be a useful chemotaxonomic marker for 
certain flavobacterial subgroups although little 
attention has been given this possibility. In 
Flavohacterium Johns oniae the dominant A- acyl 
capnine (Godchaux and Leadbetter, 1984) is 
located in the cells’ outer membrane (Godchaux 
and Leadbetter, 1988), where it may function in 
interacting with the solid substrata over which 
cells glide. The presence of A-acyl capnine has 
been shown to be a molecular correlate of gliding 
motility in this bacterium (Abbanat et al., 1986). 
The capnoids are largely localized in the cell 
envelope of C. gingivalis, where a similar role in 
gliding motility was postulated (Godchaux and 
Leadbetter, 1980). 

The capnocytophagas, like so many other sur- 
face-translocating (“gliding”) bacteria (Dwor- 
kin, 1969), are susceptible to growth inhibition 
by the antibiotic actinomycin D; this susceptibil- 
ity is not common in nongliding Gram-negative 
bacteria. 

The growth-inhibiting ability of an array of 
other antibiotics has been examined repeatedly 
(see Holt and Kinder [1989] and Roscoe et al. 
[1992]), reflecting the significance of capnocy- 
tophagas in various infections in the oral cavity, 
certain septicemal infections, and a few other 
uncommon disease states (Paster et al., 2002). 

p-Lactam antibiotics have been considered 
efficacious therapeutic agents, but the emer- 
gence of novel p-lactamases frequently has ren- 
dered these drugs ineffective. Employing p- 
lactamase inhibitors in conjunction with p- 
lactam antibiotics and others (such as clindamy- 
cin, imipenem or ciprofloxin) is now considered 
desirable therapy. 

Isolation and Maintenance 

Isolation from mammalian oral cavities and 
infection sites (Rolph et al., 2001) such as the 
eye, abscesses, and bloodstream is best achieved 
by streak-plating samples on a medium such as 
trypticase soy-sheep blood agar, incubating in an 
anaerobic environment with an elevated CO 2 
content (a classic candle-jar, for example) at 35- 
37°C for 3-5 days and then visually examining 
the agar surface for very thin (not typical, ele- 
vated) colonies that spread beyond the streak- 
line where cells had been deposited. Such growth 
often is not apparent unless oblique illumination 
is employed. Not all blood agar media support 
colony spreading and instead only quite small (1 
mm) colonies develop (see Holt and Kinder 
[1989] and Leadbetter et al. [1979]); the factors 
affecting colony spread have not been studied 
extensively, although addition of blood to media 
is not essential. 
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CHAPTER 6.16 

The Genera Rhodothermus , Thermonema, Hymenobacter 
and Salinibacter 

AHARON OREN 



Introduction 

The genera Rhodothermus, Thermonema, 
Hymenobacter, and Salinibacter all consist of 
Gram-negative, red- or yellow-pigmented oblig- 
atory aerobic chemoheterotrophic bacteria. The 
first two genera are thermophilic, with tempera- 
ture optima around 60-65°C; Hymenobacter and 
related strains described in the past as “Taxeo- 
bacter” species are oligotrophic soil bacteria, 
some of them isolated from cold environments 
in the Antarctic. Finally, Salinibacter is a genus 
of extremely halophilic red bacteria that are 
among the most salt-tolerant and salt-requiring 
strains within the bacterial domain. Phylogenet- 
ically they all form deep branches affiliated 
with the Cytophaga-Flavobacterium-Bacteroides 
branch of the Bacteria (Fig. 1 shows Ther- 
monema and Rhodothermus, Figs. 2 and 3 show 
Hymenobacter and Salinibacter). 

While relatively little is known about the prop- 
erties of Thermonema and Hymenobacter, exten- 
sive research has been devoted to Rhodothermus 
in view of its production of thermotolerant cel- 
lulases, xylanases, and other biotechnologically 
potentially valuable thermophilic enzymes. The 
extremely halophilic Salinibacter was only 
recently discovered, but it has become evident 
that Salinibacter makes a significant contribution 
to the biota of NaCl-saturated saltern crystallizer 
ponds. The species is of considerable interest in 
view of its mode of osmotic adaptation, which 
differs from that of the other aerobic halophiles 
within the domain Bacteria. Unexpectedly, it 
shares many properties with the extremely 
halophilic representatives of the archaeal order 
Halobacteriales. 



The Genus Rhodothermus 

Rhodothermus marinus, the type species of the 
genus Rhodothermus and presently the only rec- 



ognized species of the genus, was first isolated 
from shallow-water submarine hot springs in Ice- 
land (Alfredsson et al., 1988; Kristjansson and 
Alfredsson, 1992). It is a thermophile that grows 
optimally at 65°C and tolerates up to 77°C for 
growth. Similar isolates have since been 
obtained from a variety of thermal environments 
on the Azores (Nunes et al., 1992a) and in Japan 
(Sako et al., 1996). Since it was discovered that 
Rhodothermus strains possess thermophilic cel- 
lulase and xylanase activities, as well as other 
thermophilic enzymatic activities of potential 
biotechnological interest, much study has been 
devoted to the genus. 

Taxonomy and Phylogeny 

The type strain of Rhodothermus marinus 
(Alfredsson et al., 1988) is DSM 4252, ATCC 
43812 (16S rDNA accession number X80994). 
The G-fC content of its DNA is 64.4-64.7 mol%. 

A second species, R. obamensis, was proposed 
by Sako et al. (1996) to accommodate a new 
isolate from a shallow marine hydrothermal 
environment in Tachibana Bay, Nagasaki Prefec- 
ture, Japan. The proposed type strain (OKD7 = 
JCM 9785) was claimed to differ sufficiently 
from R. marinus to warrant its description as a 
new species. The G-fC content of its DNA was 
higher (66.6 mol%), and its 16S rDNA sequence 
was claimed to be only 95% similar to that of 
R. marinus. In addition, many additional differ- 
ences were described, including differences in 
optimum temperature, cell size, and substrate 
utilization pattern (Table 1). 

Silva et al. (2000) performed a critical compar- 
ative study of the type strains of R. marinus and 
R. obamensis. The higher salt tolerance of R. 
marinus as compared to R. obamensis was con- 
firmed. However, no significant differences in 
optimum growth temperature were detected. 
Moreover, a great degree of similarity in the 
DNAs was found (DNA-DNA hybridization 
78%), and renewed sequencing of the 16S rDNA 
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Fig. 1. Maximum-likelihood 
analysis of selected 16S rRNA 
sequences, showing the phyloge- 
netic position of the genera 
Rhodothermus and Thermonema 
as deep branches related to 
the Cytophaga-Flavobacterium- 
Bacteroides branch of the domain 
Bacteria. The bar indicates the 
expected number of nucleotide 
substitutions per site. From 
Andresson and Fridjonsson 
(1994); reproduced with 
permission. 
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Fig. 2. Dendrogram indicating the estimated phylogenetic 
relationship among Hymenobacter, “Taxeobacter,” and other 
members of the Cytophaga-Flavobacterium-Bacteroides 
group. The reconstruction is based on comparison of 16S 
rDNA sequences. Branching points that displayed significant 
bootstrap values (>75%) are indicated with asterisks. Rhizo- 
bium radiobacter was included as an outgroup. From Buc- 
zolits et al. (2002); reproduced with permission. 



showed a much higher similarity (99.5%) than 
the value of 95% previously reported by Sako et 
al. (1996). The fatty acid profiles were also highly 
similar. In view of these findings, R. obamensis 
Sako et al. 1996 should be considered a junior 



Table 1. Comparison of Rhodothermus marinus and “R. oba- 
mensis'' 





R. marinus 


R. obamensis 


Cell length (pm) 


2-2.5 


4-10 


Optimum temperature (°C) 


65 


80 


Generation time (min) 


80 


90 


Growth in 6% NaCl 
Growth on 




- 


Xylose 




- 


Sorbitol 


- 




Casein 


- 




Casamino acids 


- 




Glutamine 




- 


Serine 


- 




Proline 


- 




DNA G-i-C content DNA 
(mol%) 


65 


66.6 



Symbols; -r, growth; and no growth. 
Data from Sako et al. (1996). 



heterotypic synonym of Rhodothermus marinus 
Alfredsson et al. 1995. 

Ten strains very similar to the type strain of R. 
marinus were isolated from Sao Miguel, Azores 
(Nunes et al., 1992a). These isolates, together 
with 20 strains from shallow marine hot springs 
in Iceland and additional isolates obtained from 
Stufe di Nerone, Naples, Italy, were subjected 
to a comparative genomic study. Whole genome 
DNA-DNA hybridization confirmed that all 
strains investigated may be classified in a single 
species (77-89% similarity). Pulsed field gel elec- 
trophoresis using restriction enzymes Asel and 
Pmel generated distinct electrophoretic patterns 
for most strains. Genome sizes of 3.3-3. 6 MBp 
were calculated from the electrophoresis pat- 
terns. Ribotyping (restriction fragment length 
polymorphism of the rRNA genes) with restric- 
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i- Cytophagasp. clone BD2-15 (AB015543) 
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— Rhodothermus obamensis (X95071) 
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Chlorobium limicola (Y10640) 
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Fig. 3. Phylogenetic reconstruction based on 16S rDNA sequences from the strains and clones affiliated to Salinibacter. The 
tree is based on the results of a parsimony analysis including only complete or almost complete 16S rDNA sequences of all 
sequences of the Cytophaga-Flavobacterium-Bacteroides phylum available (over 400) and representatives of the domain 
Bacteria. The topology of the tree was corrected according to the results of distance matrix, maximum parsimony, and 
maximum likelihood analyses of various datasets. Multifurcations indicate where a topology could not be resolved unambig- 
uously. The bar indicates 10% of estimated sequence divergence. From Anton et al. (2002); reproduced with permission. 



lion enzymes EcoKl, Pstl, BamHl, and Hindlll 
produced several distinct ribotypes (Moreira 
et al, 1996). 

The sequence of the single 16S rRNA gene 
of R. marinus reveals a distant relationship to 
the Flexibacter-Cytophaga-Bacteroides group 
(Andresson and Fridjonsson, 1994; Fig. 1). The 
genome contains a single rRNA operon with 
an intergenic region coding for tRNA^^® and 
tRNA^^'' between the 16S and 23S (Andresson 
and Fridjonsson, 1994). 

Morphological and Cultural Characteristics 

Rhodothermus marinus is a Gram-negative rod- 
shaped bacterium (Fig. 4). Cells are generally 
2-3 X 0.5 pm in size. When grown on carbohy- 
drate-rich media, slime capsules may be formed 
around the cells (Alfredsson et al., 1988). Motil- 
ity is rarely observed in liquid cultures, but the 
presence of a single polar flagellum was reported 
in strains isolated from Sao Miguel, Azores 
(Nunes et al., 1992a). 

Rhodothermus marinus is a thermophile. The 
type strain grows up to 77°C, with an optimum 
at 65°C. No growth was observed below 54°C 
(Alfredsson et al., 1988). A claim for a higher 
temperature optimum for the strain originally 
designated “R. obamensis'' (optimum 80°C, max- 
imum 85°C; Sako et al., 1996) was not confirmed 
in a controlled comparative study (Silva et al., 
2000). Under optimal growth conditions, growth 
rates of about 0.5 h“^ are reached (Alfredsson 
et al., 1988). 




Fig. 4. Electron micrographs of Rhodothermus marinus 
strain R-18. (a) Thin longitudinal and cross-sections showing 
the width and length of typical cells as well as dividing cells 
with furrowing (F). (b) The cell envelope, consisting of a 
cytoplasmic membrane plus peptidoglycan layer (CM -i- PG) 
and a well-separated outer membrane (OM). From Alfreds- 
son et al. (1988); reproduced with permission. 

Rhodothermus strains require salt for growth. 
Optimal growth is achieved at 1-3% NaCl. Some 
strains, including the type strain, can grow above 
6% NaCl (Alfredsson et al., 1988), while the iso- 
late formerly designated “R. obamensis" toler- 
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ales up to 5% only (Sako et al., 1996; Silva et al., 
2000). Growth is optimal in the neutral pH range. 

Rhodothermus is an obligatory aerobic het- 
erotroph that does not reduce nitrate. Substrates 
used for growth include common sugars, like glu- 
cose, mannose, galactose, sucrose, lactose, mal- 
tose, raffinose, cellobiose, sorbitol, mannitol and 
starch, and some carboxylic acids (acetate, lac- 
tate and pyruvate). Cellulose, xylans, and other 
complex polysaccharides can be broken down as 
well (see the section on biotechnological Appli- 
cations in this Chapter). Proteins (casein and 
gelatin) and protein hydrolysates (casein, pep- 
tone, and casamino acids) can also serve as car- 
bon and nitrogen sources, as can certain amino 
acids. Glutamate and aspartate are used by most 
strains examined, and some strains use other 
amino acids as well (Alfredsson et al., 1988; 
Nunes et al., 1992a; Sako et al., 1996). 

Physiological, Biochemical and 
Chemotaxonomic Properties 

With an optimum growth temperature of around 
65°C and the ability to grow up to about 80°C, 
Rhodothermus is a true thermophile. When “i?. 
obamensis'' was exposed to supraoptimal tem- 
peratures (90-95°C), stress proteins were 
induced that improved survival. Putative heat 
shock proteins and high temperature growth- 
specific proteins have been detected. The puta- 
tive heat shock proteins were similar to the ATP 
binding subunits of ATP-binding cassette (ABC) 
transporters, and the high temperature growth- 
specific proteins corresponded to domains II and 
III of elongation factor Tu (Takai et al., 1998a). 

The thermal properties of many enzymes of 
Rhodothermus have been characterized, also in 
view of possible biotechnological applications. 
Tables 2 and 3 summarize some of these data. 

The ability of Rhodothermus to produce 
thermophilic xylanases, cellulases, and other 
enzymes that hydrolyze complex polysaccha- 
rides has become the subject of in-depth studies 
because of their biotechnological potential. 
Table 3 summarizes some of the properties of the 
enzymes involved in polysaccharide metabolism, 
and further details are given below. 

Rhodothermus marinus grows on xylan as car- 
bon and energy source with a high rate (growth 
rate up to 0.43 h“^). Under these conditions at 
least two thermostable xylanolytic enzymes are 
secreted into the medium, an endo-l,4-(3- 
xylanase and a xylan l,4-(3-xylosidase (Dahlberg 
et al., 1993; Manelius et al., 1994). A multido- 
main endo-p-l,4-xylanase encoded by the gene 
xynl was cloned and expressed in Escherichia 
coli. This protein contains five domains. Two 
carbohydrate-binding domains (CBDs) are 
repeated in tandem at the N-terminus. The xynl 



gene is the first example encoding a CBD family 
IV in combination with a xylan hydrolyzing 
catalytic domain of the glycosyl hydrolase family 
10. Tlie enzyme binds specifically to xylan, to p- 
glucan, and to amorphous, but not to crystalline, 
cellulose (Nordberg Karlsson et al., 1996; 
Nordberg Karlsson et al., 1997; Nordberg Karls- 
son et al., 1998a). A truncated enzyme (411 
amino acids + a 22-amino acid leader peptide) 
contains the catalytic domain only. The products 
of xylose degradation are mainly xylobiose and 
xylotetrose. The enzyme is optimally active at 
80°C and pH 7.5. Under these conditions, its 
half-life is 100 min, but it can be further stabi- 
lized by 1 mM Ca^^. The enzyme has no exo- or 
endo-cellulase activity (Nordberg Karlsson et al., 
1998b). An efficient production protocol of the 
truncated Rhodothermus xylanase in E. coli has 
been designed, using fed-batch cultures (Nord- 
berg Karlsson et al., 1999; Ramchuran et al., 
2002). Optimization of the growth conditions 
enabled a yield of 35% of the intracellular pro- 
tein being recombinant xylanase (Nordberg 
Karlsson et al., 1999). The two N-terminal carbo- 
hydrate-binding domains (CBM4-1 and CBM4- 
2) of the native xylanase have also been investi- 
gated in further depth, and they have been 
cloned and produced in E. coli. They bind to 
insoluble xylan and to phosphoric-acid-swollen 
cellulose, but not to Avicel or to crystalline cel- 
lulose (Abou Hachem et al., 2000). Binding of 
two ions of calcium to CBM4-2 increases its 
unfolding temperature by approximately 23°C 
(Abou Hachem et al., 2002). CBM4-2 has a p- 
sandwich structure formed by 11 strands and 
contains a prominent cleft which is the binding 
site for xylan (Simpson et al., 2002). High quality 
nuclear magnetic resonance (NMR) spectra of 
the domain now exist, enabling the assignment 
of virtually all ^H, and ^^N resonances (Jamie- 
son et al., 2002). 

Rhodothermus marinus produces a-L-ara- 
binofuranosidase when grown on yeast extract + 
birch wood xylan or some other polysaccharides 
and low-molecular-weight carbohydrates. This is 
the most thermostable arabinofuranosidase 
reported so far (Gomes et al., 2000). 

Rhodothermus can also make a thermostable 
extracellular endocellulase. This endo-p-1,4- 
glucanase is active on carboxymethylcellulose 
but does not degrade Avicel, Sigmacell 10 
cellulose, granular cellulose, p-nitrophenyl-p-D- 
cellobioside, or 4-methylumbelliferyl-p-D- 
cellobioside. Carboxymethylcellulose is split into 
glucose, cellobiose, cellotriose, and larger oli- 
gosaccharides (Hreggvidsson et al., 1996). A 
thermostable cellulase of glycosyl hydrolase 
family 12 from R. marinus, encoded by the gene 
cel A, was cloned and overexpressed in E. coli. 
The recombinant enzyme showed activity on 



Table 2. Thermal properties of selected enzymes of Rhodothermus marinus (including the strain formerly designated R. obamensis). 
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Table 3. Thermal properties of Rhodothermus enzymes involved in degradation of complex polysaccharides. 



Enzyme 


Thermal properties 


Further details 


References 


Endo- 1 ,4- p-xylanase 


Half life 14h at 90°C and pH 7 


None 


Dahlberg et al., 1993 


Xylan- 1 ,4- p-xylosidase 


Highest initial activity at 90°C; half 
life 45 min at 90°C and pH 7, and 
14h at 85°C 


Apparent size 169kDa by gel 
filtration 


Dahlberg et al., 1993; 
Manelius et al., 1994 


Cellulase (extracellular 


50% of activity remains after 3.5 h 


Apparent monomer of 49kDa; pH 


Hreggvidsson et al.. 


endo-p-l,4-glucanase) 


at 100°C and 80% after 16h at 
90°C 


optimum 7 


1996 


Cellulase of glycosyl 


Highest initial activity at 100°C; 


A 260-amino acid, 28.8-kDa 


Halldorsdottir et al.. 


hydrolase family 12 


75% of activity left after 8h at 
90°C 


protein, encoded by the celA 
gene; pH optimum 6-7 


1988 


Amylase 


Optimally active at 85°C, pH 6.5- 
7; half life at 85°C 3h 


None 


Gomes et al., 2003 


Pullulanase 


Optimally active at 80°C, pH 6.5- 
7; half life at 85°C 30min 


None 


Gomes et al., 2003 


j8-Glucanase 


Optimally active at 85°C, pH 7.0; 
fully active after 16h at 80° C, 
with a half life of 3 h at 85° C 


The mature enzyme (29.7 kD a) is 
made with a 30-amino acid 
signal peptide 


Spilliaert et al., 1994 


Laminariase 


Optimally active at 88°C and pH 
5.5; stable for more than 2 days 
at 80°C 


Encoded by the lamR gene 


Krah et al., 1998 
Petersen et al., 2000 


Mannanase 


Optimally active at 85°C and pH 
5-6.5; half life of 45.3h at 85°C 
and 4.2 h at 90°C 


A 997-amino acid, 113-kDa 
protein 


Gomes and Steiner, 
1998; Politz et al., 
2000 


Branching enzyme 
(transglucosidase) 


Optimally active at 65°C and pH 
6-6.5; stable after 30 min at 
80° C; 50% of activity is retained 
after 16 h at 80°C 


The predicted protein of 621 
amino acids, 72kDa, is probably 
an intracellular enzyme 


Shinohara et al., 2001 


a-Galactosidase 


Optimally active at 85 °C, with a 
broad pH range of 4-8; half life 
2h at 75°C 


The protein is a tetramer of 50- 
kDa subunits 


Bliicher et al., 2000 


a-L-Arabinofuranosidase 


Optimally active at 85°C and pH 
5.5-7; half life 8.3 h at 85°C and 
17 min at 90°C 


None 


Gomes et al., 2000 



carboxymethylcellulose and lichenan, but not on 
birch xylan or laminarin (Halldorsdottir et al, 
1988). The catalytic module is preceded by a 
linker sequence and an N-terminal highly hydro- 
phobic putative signal peptide. This signal pep- 
tide showed a marked cytotoxic activity to E. 
coli. Deletion of the part of the gene that 
encodes this signal peptide enabled highly 
increased production of recombinant cellulase, 
yielding a mutant protein with threefold higher 
specific activity than that of the full-length 
enzyme. The mutant protein (Cell2A) is highly 
thermostable, has a half life of over 2 h at 90° C, 
and can function to 103°C (Wicher et al., 2001). 
Production of this cellulase in E. coli was opti- 
mized in substrate limited fed-batch cultures of 
E. coli BL21(DE3) (Ramchuran et al., 2002). 
The structure of the protein has now been 
resolved to 1.8 A (Crennell et al., 2002). 

Rhodothermus produces a thermostable 
amylase and a pullulanase (a debranching 
enzyme that hydrolyzes a-1,6 linkages in dex- 
trins; see Table 3). Growth in the presence of 
maltose (1.5 g/liter) + yeast extract (8.3 g/liter) 
resulted in optimal induction of these enzymes 



(Gomes et al., 2003). A thermostable (3-gluca- 
nase encoded by the gene bglA was discovered 
in a gene library of R. marinus in E. coli. Two 
transformants produced halos on lichenan 
plates after Congo-red staining. The gene 
encodes a 29.7-kDa (3-glucanase with a 30- 
amino acid signal peptide. An 889-bp fragment 
containing the catalytic domain was overex- 
pressed in E. coli. The enzyme showed activity 
on lichenan, (3-glucan and laminarin, but not 
on carboxymethylcellulose or xylan (Spilliaert 
et al., 1994). 

In addition, a laminarinase (transglycosylating 
l,3[4]-p-glucanase; the LamR protein) was found 
that cleaves the 1,3-p-linkages of 3-O-substituted 
p-glucose in p-glucans such as laminarin and 
curdlan and also the 1,4-p-linkages of 3-O- 
substituted p-glucose in p-glucans such as liche- 
nin and 1,3-1,4-p-glucan from the cell walls of 
barley endosperm (Petersen et al., 2000). The 
lamR gene has been cloned and expressed in E. 
coli, and site-directed mutagenesis studies have 
been performed to identify the residues involved 
in the active center to elucidate the catalytic 
mechanism (Krah et al., 1998). 
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When grown in a medium containing locust 
bean gum + yeast extract, R. marinus produces a 
thermostable endo-(l,4)-(3-mannanase (Gomes 
and Steiner, 1998). Screening of expression 
libraries for mannanase-positive clones led to the 
identification of the gene encoding a 997-residue, 
113-kDa protein. The enzyme contains an N- 
terminal domain of unknown function and a C- 
terminal mannanase domain of 550 amino acids 
with homology to known mannanases of glucosi- 
dase family 26. The enzyme effectively hydro- 
lyzes carob-galactomannan (locust bean gum) 
and to a smaller extent guar gum. Truncated 
enzymes of 45 or 50 kDa containing the catalytic 
domain only have been produced in E. coli. 
These were heat-stable as well and retained 
more than 70 and 25% of their initial activity 
after 1 h at 70°C and 90°C, respectively (Politz 
et al., 2000). 

The gene encoding a novel thermostable 
branching enzyme (transglucosidase) was 
isolated from “i?. obamensis'' The predicted 
621-amino acid 72-kDa protein has no signal 
sequence, so it probably is an intracellular 
enzyme. The gene has been expressed in E. coli 
and in the fungus Aspergillus oryzae. The 
enzyme produces a-1,6 branching linkages by a 
transglycosylation reaction of a-l,4-glucan. 
Activity was higher toward amylose than toward 
amylopectin (Shinohara et al., 2001). 

On media with galactooligo- or polysaccha- 
rides as single carbon source, R. marinus 
produces a thermostable a-galactosidase that 
hydrolyzes both high- and low molecular weight 
galactosaccharides (Blucher et al., 2000). 

Some other enzymes of Rhodothermus have 
been investigated at the protein and/or at the 
gene level: 1) DNA helicase, a protein predicted 
to harbor a 428-amino acid intein, is a close 
homologue of the DnaB intein in Synechocystis 
PCC6803 (Liu and Hu, 1997). 2) The 5-aminole- 
vulinic acid dehydratase encoded by the hemB 
gene is a predicted 340-amino acid 37.4-kDa pro- 
tein that shows homology with eubacterial and 
eukaryotic 5 -aminolevulinic acid dehydratases 
(Gudmundsdottir et al., 1999). 3) Different 
restriction endonucleases. The most often 
encountered type, named Rmal, is a type II 
restriction endonuclease that is an isoschizomer 
of Mael and recognizes the sequence 5’ C/TAG 
3’(Ronka et al., 1991). And finally, 4) other type 
LI restriction endonucleases detected during 
screening of a large number of Rhodothermus 
strains are isoschizomers of BstEl and EcoRN 
(Hjorleifsdottir et al., 1997a). 

In addition to its thermophilic properties, 
Rhodothermus is also a moderate halophile, 
requiring salt for growth and tolerating NaCl 
concentrations up to 5-6%. Its mode of osmotic 
adaptation has been investigated, and the organ- 



ism was found to contain two novel organic 
osmotic solutes: 2-O-a-mannosylglycerate and 2- 
O-a-mannosylglyceramide (Fig. 5). a-Manno- 
sylglycerate has also been detected in many 
other themophilic and hyperthermophilic Bacte- 
ria and Archaea {Thermus, Ruhrohacter, Metha- 
nothermus, Archaeoglobus and Aeropyrum), but 
the amide has thus far been found only in 
Rhodothermus (Santos and da Costa, 2002). The 
a-mannosylglyceramide was originally incor- 
rectly identified as 2-0-(3-mannosylglycerate 
(Nunes et al., 1995), but the structure has been 
revised later (Silva et al., 1999). '‘Rhodothermus 
obamensis'' was found to contain a-mannosylg- 
lycerate only and to lack the amide form (Silva 
et al., 1999). The intracellular concentration, 
as measured by NMR, increases with salinity 
and is sufficiently high to balance the negative 
charges of the mannosylglycerate. Glutamate, 
trehalose and glucose were found as minor com- 
ponents that may participate in osmotic stabili- 
zation of Rhodothermus (Nunes et al., 1995). 

At relatively low growth temperatures appli- 
cation of water stress to R. marinus led to accu- 
mulation of a-mannosylglycerate and its amide, 
in addition to low levels of trehalose, glutamate 
and glucose. At the highest growth temperatures 
a-mannosylglycerate was the major compatible 



MANNOSYLGLYCERATE 



CH2OH 

COO“ 




MANNOSYLGLYCERAMIDE 




Fig. 5. Structures of mannosylglycerate and mannosylglyce- 
ramide. From Santos and da Costa (2002); reproduced with 
permission. 
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solute, and the amide was not detected (Silva 
et al, 1999). a-Mannosylglycerate accumulated 
in response to both supraoptimal temperatures 
and salinity, while a-mannosylglyceramide accu- 
mulated exclusively in response to salt stress 
(Nunes et al, 1995; Silva et al, 1999). The effec- 
tivity of a-mannosylglyceramide as a compatible 
solute, as judged by the stabilization of rabbit 
muscle lactate dehydrogenase against thermal 
inactivation, was less than that obtained with a- 
mannosylglycerate or hydroxyectoine, but simi- 
lar to that of diglycerol phosphate (the compat- 
ible solute of Archaeo globus fulgidus) and of 
trehalose (Borges et al., 2002). 

On the basis of enzymatic activities detected 
and in vivo labeling experiments, the biosyn- 
thesis of a-mannosylglycerate in Rhodothermus 
was suggested to proceed via two alternative 
pathways (Fig. 6). In the first, guanosine-5'- 
diphosphate (GDP)-mannose is condensed with 
D-glycerate to produce a-mannosylglycerate in 
a single reaction catalyzed by mannosylglycerate 



Glucose-6-phosphate 

^ It 

Fructose-6-phosphate 

Mannose-6-phosphate 

3 it 

Mannose-1 -phosphate 
. __ GTP 

PPi 

GDP-Mannose 




I 

^'^Pi 



Mannosylglycerate 



Fig. 6 . Proposed pathways for the synthesis of mannosylglyc- 
erate in Rhodothermus marinus. 1, phosphoglucose 
isomerase; 2, phosphomannose isomerase; 3, phosphoman- 
nose mutase; 4, mannose-1 -phosphate guanylyltransferase; 5, 
mannosylglycerate synthase; 6 , mannosyl-3-phosphoglycer- 
ate synthase; and 7, mannosyl-3-phosphogly cerate phos- 
phatase. From Martins et al. (1999); reproduced with 
permission. 



synthase. In the other pathway, a mannosyl-3- 
phosphoglycerate synthase catalyzes the conver- 
sion of GDP-mannose and D -3 -phosphogly cer- 
ate into a phosphorylated intermediate, which 
is then converted to mannosylglycerate by the 
action of a phosphatase. The activities of the 
enzymes of the pathway were not infiuenced by 
the NaCl concentration in the growth medium. 
However, the combined mannosyl-3-phospho- 
glycerate synthase/phosphatase system was opti- 
mally active only when NaCl or KCl had been 
added to the assay mixture (Martins et al., 1999). 

The mannosylglycerate synthase of Rhodot- 
hermus has been purified, and the gene mgs that 
encodes it has been identified in a genome 
library. The gene, which codes for a 46.1-kDa 
protein, has been overexpressed in E. coli. The 
enzyme was optimally active at 85-90°C (see also 
Table 2) and has a broad pH optimum at 5.5-8.5 
(Martins et al., 1999). Use of the Rhodothermus 
msg gene on a plasmid, combined with other 
genetic manipulations, enabled the production of 
high purity specifically labeled GDP-mannose 
and mannosylglycerate in E. coli (Sampaio et al., 
2003). 

The components of the respiratory chain of 
Rhodothermus have been investigated in-depth. 
Menaquinone MK-7 is the major lipoquinone. 
Minor amounts of MK6 (3% in the type strain of 
R. marinus, 10% in “i?. obamensis'') and MK-5 
(7% in “i?. obamensis'') were also found 
(Tindall, 1991; Sako et al., 1996). A number of 
cytochrome-containing enzymes that make part 
of the electron transfer chain to oxygen have 
been characterized. Their properties are summa- 
rized in Table 4. 

The respiratory chain contains a caa^ terminal 
oxidase, a novel cytochrome be complex, and a 
high potential iron sulfur protein that serves as 
an electron carrier between this complex and a 
terminal oxidase (Pereira et al., 1999a; Pereira et 
al., 1999b). The membrane-bound heme centers 
have been identified by spectroscopic methods 
such as electron paramagnetic resonance and by 



Table 4. Cytochromes of the respiratory system of 
Rhodothermus marinus. 



Activity 


Cytochrome 


E'o, mV (heme center) 


Electron carrier 


c 


+267 (C) 


Succinate : 


b 


+75 (B), -65 (B) 


menaquinone 
oxidoreductase 
Menaquinol : HiPIP 


be 


+235 (B), +235 (C), 


oxidoreductase 




+80 (C), ^5 (C+C) 


Terminal oxidase 


ebbs 


+195 (C),+120 (B),-50 


Oxygen reductase, 


caus 


(C+Bj) 

+260 (C), +255 (A), 


HiPIP oxidase 




+180 (A 3 ) 



Abbreviation: HiPIP, high-potential iron-sulfur protein. 
From Pereira et al. (2000a). 
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redox potentiometry. B- and C-type hemes are 
most abundant in the membrane, with small 
amounts of heme A being present as well. The 
heme centers have relatively low reduction 
potentials, ranging from +267 to -65 mV. No 
Rieske-type center could be detected, suggesting 
the absence of a canonical complex III (Pereira 
et al., 1999b; Pereira et al., 2000a). 

The following components have been charac- 
terized: 1) An NADH:menaquinone oxidoreduc- 
tase (Complex I), with at least four Fe-S centers 
(Fernandes et al., 2001a). The purified complex 
showed optimal activity at 50°C and pH 8.1. The 
purified enzyme contains 13.5 ±3.5 iron atoms 
and about 3.7 menaquinone per flavin adenine 
mononucleotide (FMN). Electron paramagnetic 
resonance (EPR) spectroscopy showed the 
presence of at least five Fe-S centers: two 
[ 2 Fe- 2 S]^^^^^ and three [4Fe-4S]^^^^^ centers 
(Fernandes et al., 2002). 

2) A succinate:menaquinone oxidoreductase 
with three subunits of 70 kDa (the flavin contain- 
ing subunit), 32 kDa (the iron-sulfur subunit), 
and 18 kDa (the anchor subunit). It is optimally 
active at 80° C and has a high affinity for succi- 
nate and fumarate.The complex contains two B- 
type hemes (Fernandes et al., 2001a; Fernandes 
et al., 2001 b). 

3) A membrane bound high potential iron sul- 
fur protein (HiPIP) of about 10 kDa. It contains 
a single [4Fe-4S]^^^^^ cluster with a high redox 
potential of +260 mV. It is part of the main mem- 
brane-bound electron transfer pathway. It is 
reduced by NADH or by succinate when further 
electron flow is blocked by addition of cyanide, 
and it serves as intermediate between the be 
complex and the caa^ terminal oxidase (Pereira 
et al., 1994; Pereira et al., 1999b). 

4) MenaquinohHiPIP oxidoreductase (com- 
plex III). This is a novel multihemic cytochrome 
be that contains at least three subunits (43, 27 
and 18 kDa) and five low-spin heme centers of 
the B and C types in a 1:4 ratio. All C-type hemes 
are found in the 27-kDa subunit. The complex 
shows three distinct redox transitions with mid- 
point potentials at +235, +80, and -45 mV. The 
first involves one B- and one C-type heme; the 
second and third transitions involve one and two 
C-type hemes, respectively. The complex couples 
the electron transfer between the quinols 
reduced by the dehydrogenases and a HiPIP, the 
final electron donor to the terminal oxidases 
(Pereira et al., 1999a). 

5) A cZ>Z? 3 -type oxidase as the major terminal 
oxidase. The complex was partially purified. Its 
five subunits have apparent molecular masses of 
64 kDa, 57 kDa, 36 kDa, 26 kDa (the subunit 
carrying the C-type heme), and 13 kDa. There 
are two low-spin heme C centers and one high- 
and one low-spin heme B center. The reduction 



potentials are +195 mV (heme C), +120 mV 
(heme B), -50 mV (heme C), and -50 mV (heme 
B 3 ; Pereira et al., 2000a). 

And lastly, 6 ) the eaa^ terminal oxidase, 
belonging to the superfamily of heme-copper 
oxidases, serves as an HiPIP: oxygen oxidoreduc- 
tase. This complex was reconstituted in lipo- 
somes and was shown to function as a proton 
pump (Pereira et al., 2000b). It has three sub- 
units with apparent molecular masses of 42 kDa, 
19 kDa, and 15 kDa and a C-heme containing 
subunit of 35 kDa. The hemes show unusually 
low reduction potentials of +260 (heme C), +255 
(heme A), and +180 mV (heme A 3 ; Pereira et al., 
1999c). The complex acts as a proton pump 
(Pereira et al., 2000b). The kinetics of the differ- 
ent transformations and reactions within the 
complex have been characterized in-depth 
(Sigurdson et al., 2001). The genes for the sub- 
units {reox A - reoxD) are organized in an 
operon that contains at least five genes. These 
genes have been cloned and sequenced (Santana 
et al., 2001). It is interesting to note that the 
outcome of the cytochrome oxidase test has been 
reported differently by different authors. 
Alfredsson et al. (1988) and Sako et al. (1996) 
reported a positive oxidase reaction, but 
Kristjansson and Alfredsson (1992) note a nega- 
tive oxidase reaction for R. marinus. Nunes et al. 
(1992a) state that all their Rhodothermus isolates 
from the Azores were oxidase-negative. 

Phospholipids are the main lipid components 
of Rhodothermus; glycolipids are absent or form 
minor components only. Five to seven phospho- 
lipids were detected, of which the following 
have been identified: phosphatidylethanolamine, 
diphosphatidylglycerol, and phosphatidylglyc- 
erol (Tindall, 1991; Nunes et al., 1992b). 

The branched fatty acids Ao-C15:0, Ao-C17:0, 
anteiso-C15:0, and anteiso-Cll:0 are the domi- 
nant fatty acids in Rhodothermus lipids. Straight 
unbranched fatty acids are present as well 
(Tindall, 1991; Chung et al., 1993; Moreira et al., 
1996; Sako et al., 1996; Silva et al., 2000; Table 
5). The relative amounts at which the different 
fatty acids are found in the lipids depend on the 
medium and the growth conditions. Thus, when 
grown on yeast extract + peptone or on yeast 
extract alone, the branched Ao-C15:0 and iso- 
C17:0 were the major fatty acids. However, when 
glutamate was the sole source of carbon, n-C16 
was the major component, and straight-chain 
fatty acids reached about 50% of the total fatty 
acids. Following growth on yeast extract + 
glutamate, the relative proportion of Ao-C16:0 
reached high levels (Chung et al., 1993). 

Rhodothermus is colored red by carotenoids, 
and absorption spectra of cells in acetone show 
a peak at 476 nm and shoulders at 456 and 502 
nm (Alfredsson et al., 1988). These carotenoids 
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Table 5. Fatty acid composition (% w/w) of two strains of Rhodothermus marinus. 





iso- 

C14:0 


w<9-C15:0 


anteiso- 

C15:0 


C15:0 


iso- 

C16:0 


C16;0 


iso- 

C17:0 


anteiso- 

C17:0 


C17:0 


iso- 

C18;0 


C18;0 


DSM 4252'^ 


3.70 


4.56 


8.50 


trace 


34.69 


6.19 


15.14 


10.02 


1.41 


12.36 


1.96 


DSM 4253 


4.60 


5.29 


12.40 


trace 


34.72 


7.68 


12.71 


10.62 


0.91 


8.43 


1.34 



From Tindall (1991). 




Fig. 7. Carotenoids of Rhodothermus marinus. From Lutnaes 
et al. (2004). 




Fig. 8 . The structure of salinixanthin, the major carotenoid 
pigment of S. ruber. 

have recently been identified as (all-E, 2'S)-2'- 
hydroxy-l'-(p-D-glucopyranosyloxy)-3',4'-dide- 
hydro-l',2'-dihydro-p,\|/-caroten-4-one (3.3% of 
total carotenoid) and its C-6" acyl derivative 
(55%) and (all-^)-l'-(p-D-glucopyranosyloxy)- 
3',4'-didehydro-l',2'-dihydro-p,\|/-caroten-4-one 
(2.5%) and its C-6" acyl derivative (39%; Fig. 7). 
Both carotenoid acyl glucosides exhibited the 
same acyl profile, the major esterifying acids 
being the branched odd-carbon Ao-C13:0, 
anteiso-Ciy.^, Ao-C15:0 and anteiso A 
similar monocyclic carotenoid acyl glucoside is 
present in the phylogenetically related Salini- 
bacter ruber (salinixanthin, Fig. 8). 

The following polyamines have been detected 
in Rhodothermus marinus: spermidine 

[NH 2 (CH 2 ) 3 NH(CH 2 ) 4 NH 2 ], spermine [NH 2 
(CH 2 ) 3 NH(CH 2 ) 4 NH(CH 2 ) 3 NH 2 ], thiopentam- 
ine [NH2(CH2)3NH(CH2)3NH(CH2)4NH(CH2)3 
NH 2 ], the tertiary tetra-amine A^^-aminopropyl- 
spermidine [NH2(CH2)3N((CH2)3NH2)(CH2)4 
NH 2 ], and the quaternary penta-amine N^- 
Z)A(aminopropylspermidine) [NH 2 (CH 2 ) 3 N^ 
((CH 2 ) 3 NH 2 ) 2 (CH 2 ) 4 NH 2 ] (Hamana et al., 1992; 
Hamana et al., 1998). '‘Rhodothermus obamensis'' 
contains in addition two novel linear hexam- 
ines: NH2(CH2)3NH(CH2)3NH(CH2)3NH(CH2)4 
NH(CH2)3NH2 and NH2(CH2)3NH(CH2)3 
NH(CH 2 ) 4 NH(CH 2 ) 3 NH(CH 2 ) 3 NH 2 (Hamana 
et al., 1998). 



Table 6 . Medium for Rhodothermus (modified Thermus 
medium 162 of DSMZ).^ 



Yeast extract 


2.5g 


Tryptone 


2.5g 


Agar 


28.0g 


Nitrilotriacetic acid 


100 mg 


CaS 04 • 2 H 2 O 


40 mg 


MgCfi • 6 H 2 O 


200 mg 


0.01 M Fe-citrate 


0.5 ml 


Trace element solution’’ 


0.5 ml 


Phosphate buffer"" 


100 ml 



""Combine all ingredients except phosphate buffer. Adjust pH 
to 7.2 with NaOH, autoclave, and add the sterile phosphate 
buffer. 

*"Trace element solution contains (per liter); nitrilotriacetic 
acid, 12.8g; FeCl2 • 4 H 2 O, l.Og; MnCl 2 • 4 H 2 O, 0.5g; C0CI2 • 
4 H 2 O, 0.3 g; CUCI 2 • 2 H 2 O, 50mg; Na 2 Mo 04 • 2 H 2 O, 50mg; 
H3BO3, 20mg; and NiCfi • 6 H 2 O, 20mg. Dissolve the nitrilo- 
triacetic acid, adjust the pH to 7.0 with KOH. Dissolve the 
other salts separately, combine, and adjust the pH to 6.8 with 
NaOH or H 2 SO 4 . 

Thosphate buffer contains (per liter): 5.44g of KH 2 PO 4 and 
43.0 g of Na 2 HP 04 • I 2 H 2 O, pH 7.2, and is autoclaved 
separately. 



Isolation and Maintenance 

Rhodothermus can be isolated from submarine 
hydrothermal environments worldwide. No 
selective medium for the isolation of Rhodother- 
mus has been described yet. The species can 
be grown on a simple yeast extract-tryptone 
medium with the appropriate salt concentration, 
such as specified in Table 6. Red colonies devel- 
oping on agar plates following aerobic incuba- 
tion at 65°C may well be Rhodothermus strains. 
Final identification should be based on 16S 
rDNA sequencing and comparison with other 
properties described for the genus. 

Rhodothermus is sensitive to penicillin, eryth- 
romycin, tetracycline, and chloramphenicol and 
resistant to the aminoglycoside antibiotics kana- 
mycin, streptomycin, and gentamycin (Alfreds- 
son et al., 1988; Nunes et al., 1992a). 

Rhodothermus can be preserved by 
lyophilization. 

Ecology 

Rhodothermus lives around submarine hot 
springs (Alfredsson et al., 1988; Sako et al., 
1996). Because of its narrow range of growth- 
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permissive temperature (54-77°C), it can only 
grow very close to the openings of these hot 
springs, as only a few cm from the openings the 
water would be too cold. Moreover, Rhodother- 
mus is obligatory aerobic, and geothermic water 
is usually anaerobic until it emerges from the 
ground or the seabed and absorbs oxygen 
from the surroundings. Rhodothermus is a 
heterotroph, and suitable organic material must 
therefore be present as well in its habitat. The 
requirements for oxygen, salt, organic nutrients, 
and temperature thus define a very narrow niche 
for this genus in the hot spring environment 
(Alfredsson et al., 1988). 

Material containing 16S rDNA sequences 
related to Rhodothermus (87% similarity to R. 
marinus) has been recovered from an orange- 
colored microbial mat in an alkaline hot spring 
in Nakabusa, Japan at 58-60°C (Nakagawa and 
Fukui, 2002). 

Applications 

The thermophilic nature of Rhodothermus 
makes the organism an interesting potential 
source for thermostable enzymes. Its ability to 
degrade xylans, cellulose, and other polysaccha- 
rides (see Table 3) makes the organism of special 
interest. As described above, the relevant 
enzymes have been cloned and in a number of 
cases optimized for biotechnological production 
by genetic engineering. To the knowledge of the 
author, Rhodothermus is not yet used in indus- 
trial applications, but a number of patents have 
been issued describing potential applications in 
the future (Dahlberg et al., 2002; Wicher et al., 
2002 ). 

Xylan is the most abundant hemicellulose in 
plant cell walls. Xylanases are therefore impor- 
tant in pulp and paper industry, as well as in the 
food industry. TTie thermostable Rhodobacter 
xylanase (both the native form of the enzyme 
and the truncated engineered form; Nordberg 
Karlsson et al., 1996; Nordberg Karlsson et al., 
1998b; Nordberg Karlsson et al., 1999; Abou 
Hachem et al., 2000; Ramchuran et al., 2002) has 
successfully been used in small-scale experi- 
ments for the prebleaching of hardwood and 
softwood kraft pulps. The truncated enzyme 
performed very well, and the presence of the 
additional domains in the full-length enzyme, 
including carbohydrate-binding modules, did not 
improve the bleaching process (Pfabigan et al., 
2002). The combined use of arabinofuranosi- 
dase-rich xylanase and mannanase from R. mari- 
nus in the prebleaching of softwood kraft pulp 
gave a significant increase in brightness of the 
pulp (Gomes et al., 2000). 

No methods have yet been developed for 
the genetic manipulation of Rhodothermus. The 



finding of the 2935 -bp cryptic plasmid pRM21 
in seven out of the 41 strains investigated may 
open interesting possibilities regarding its 
genetic manipulation. The plasmid contains one 
major open reading frame with a deducted prod- 
uct similar to RepA proteins, with the highest 
similarity to RepA of E. coli plasmid pSa. The 
small size and the apparent stability of this first 
plasmid characterized from Rhodothermus make 
it an attractive candidate for future use as a clon- 
ing vector (Ernstsson et al., 2003). 

The Genus Thermonema 

In 1987, Schofield et al. described the isolation 
of five strains of very long, thin filamentous 
bacteria from hot springs in New Zealand. These 
isolates displayed terminal swellings (Fig. 9), 
showed gliding motility on agar plates, and grew 
optimally at 60°C. A formal description of the 
species as Thermonema lapsum followed two 
years later (Hudson et al., 1989). A second spe- 
cies of the genus, T. rossianum, was recovered 
from saline hot springs in the Bay of Naples, 
Italy (Tenreiro et al., 1997). The isolation of 
Thermonema strains from submarine smectite 
cones on the seafioor in northern Iceland 
(Marteinsson et al., 2001) suggests that such 
organisms can probably be found worldwide in 
hot spring areas. 

Taxonomy and Phylogeny 

Two species are presently recognized within the 
genus Thermonema: 1) T lapsum (the type spe- 
cies of the genus), with type strain 23/9^ = ATCC 
43542 = DSM 5718 (16S rDNA accession 
number: L11703). The G+C content of its DNA 




Fig. 9. Phase-contrast micrograph of Thermonema lapsum 
strain 23/9^ showing terminal (arrow t) and mid-filament 
(arrow m) swellings. The bar is 21 pm. From Schofield et al. 
(1987); reproduced with permission. 
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is 47 mol%. An additional strain is strain 19/15, 
deposited as ATCC 34543 (Hudson et al., 1989). 

And 2) T. rossianum, with type strain NR-27^ 
= DSM 10300 (16S rDNA accession number: 
Y08956; Tenreiro et al, 1997). The G+C content 
of its DNA is 50.9 mol%. 

Analysis of the 16S rRNA gene of T. lap sum 
showed the organism to form a deep branch 
affiliated with the Cytophaga-Flavohacterium- 
Bacteroides branch of the Bacteria (Andresson 
and Fridjonsson, 1994; Patel et al., 1994; Fig. 1). 

Morphological and Cultural Characteristics 

Thermonema cells are very long slender fila- 
ments. The cell length may exceed 60 pm, but 
cells are only 0.25-0.3 pm {T. lapsum) to 0.7 pm 
wide {T. rossianum; Hudson et al., 1989; Tenreiro 
et al., 1997). As no septa can be seen within these 
thin filaments, each one probably represents a 
single cell. Thermonema lapsum is motile by 
gliding; no motility has been reported in T 
rossianum. 

Physiological, Biochemical and 
Chemotaxonomic Properties 

The polar lipids of T rossianum are dominated 
by lipids that show a positive ninhydrin reaction. 
Two of these are aminophospholipids. No infor- 
mation is available on the identity of the other 
three major fractions, except that they do not 
react with a-naphthol (detecting carbohydrates) 
and do not contain phosphate groups (Tenreiro 
et al., 1997). Dominant fatty acids in the lipids 
of T lapsum are Ao-C15:0, anteiso-C15\Q, and 
C15:0. The lipopolysaccharide fraction of this 
organism is particularly rich in hydroxy fatty 
acids (Patel et al., 1994). The most abundant fatty 
acids in T rossianum are Ao-C15:0, Ao-C17:0 
30H, iso-15:0 30H and anteiso C15:0 (Tenreiro 
et al., 1997). Monounsaturated fatty acids were 



not detected. Table 7 presents some quantitative 
data on the fatty acid content of different lipid 
fractions of Thermonema isolates. 

Both T lapsum and T rossianum form bright 
yellow colonies. Absorption spectra of T lapsum 
acetone extracts show an absorbance maximum 
at 450 nm with a shoulder at 480 nm (Schofield 
et al., 1987; Hudson et al., 1989). The structure 
of the presumed carotenoid pigment(s) present 
remains to be elucidated. 

Both species are catalase and oxidase-positive. 
The major respiratory quinone of T rossianum 
is menaquinone-7 (Tenreiro et al., 1997). 

Thermonema contains homospermidine 
[NH 2 (CH 2 ) 4 NH(CH 2 ) 4 NH 2 ] as the major 
poly amine (also found as the major poly amine in 
mesophilic members of the Flavobacterium - 
Cytophaga - Flexihacterium complex), with 
minor amounts of homospermine [NH 2 (CH 2)4 
NH(CH 2 ) 4 NH(CH 2 ) 4 NH 2 ] (Hamana et al., 1992). 

Isolation and Maintenance 

No selective media have yet been described for 
the isolation of Thermonema species. The strains 
in culture have been obtained by spreading 
water samples on plates followed by incubation 
at 60-70°C (Schofield et al., 1987). All strains 
grow on media containing low concentrations of 
complex nutrients (tryptone and yeast extract) in 
the presence of 1-4% NaCl (see Table 8). Ther- 
monema species give rise to the development of 
bright yellow colonies following incubation at 
60°C. Thermonema lapsum grows at tempera- 
tures up to 70°C (a temperature too high for the 
growth of T rossianum). The optimum pH is 
in the neutral range. Thermonema rossianum 
requires 1-3% NaCl for growth (Tenreiro et al., 
1997). The minimum doubling time reported for 
T. lapsum was 11 h. In broth culture it grows in 
clumps and as pellicle on the surface of the 
medium (Schofield et al., 1987). 



Table 7. The major fatty acids of Thermonema species/ 



Fatty acid 




T. lapsum 


T. rossianum 


wo-C15;0 


Phospholipids 

54.7 


Lipopolysaccharide 

5.1 


Total lipids 
39.9 


anteiso-C15\() 


5.6 


3.2 


8.6 


W(9-C15;0 20H 


18.6 


15.9 


5.4 


C15;0 2OH 


2.5 


4.6 


0.6 


w6?-C15:0 30H 


0 


28.4 


8.3 


C16;0 2OH 


2.1 


1.9 


0 


W(9-C17;0 30H 


4.3 


25.7 


18.7 


wt?-C17:0 2OH 


3.6 


0.8 


0.5 


C15;0 


3.7 


0.4 


1.8 



""Values are percentages of total fatty acids. 

Data were derived from Patel et al. (1994) and Tenreiro et al. (1997). 
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Table 8 . Growth media for the cultivation of Thermonema species. 



Species 


Thermonema lapsum 


Thermonema rossianum 


(DSMZ medium 86)^^ 


(DSMZ medium 878 = ''Thermus 162 medium”)’’ 


Tryptone 


l.Og/liter 


l.Og/liter 


Yeast extract 


l.Og/liter 


l.Og/liter 


NaCl 


8 mg/liter 


0 or lOg/liter 


MgS04 • 7 H 2 O 


100 mg/liter 


NA 


MgCb • 6 H 2 O 


NA 


200 mg/liter 


CaS 04 • 2 H 2 O 


60 mg/liter 


40 mg/liter 


KNO 3 


103 mg/liter 


NA 


NaN03 


689 mg/liter 


NA 


Na2HP04 • 2 H 2 O 


140 mg/liter 


NA 


Nitrilotriacetic acid 


100 mg/liter 


100 mg/liter 


FeCk • 6 H 2 O 


0.47 mg/liter 


NA 


MnS 04 • 2 H 2 O 


2.2 mg/liter 


NA 


ZnS04 • 7 H 2 O 


0.5 mg/liter 


NA 


H 3 BO 3 


0.5 mg/liter 


NA 


CUSO 4 ' 5 H 2 O 


25pg/liter 


NA 


Na2Mo04 • 2 H 2 O 


25pg/liter 


NA 


C 0 CI 2 • 6 H 2 O 


46pg/liter 


NA 


Agar 


NA 


28.0g 


0.01 M Fe-citrate 


NA 


0.5 ml/liter 


Trace element solution‘s 


NA 


0.5 ml/liter 


Phosphate buffer^’ 


NA 


lOOml/liter 



Abbreviation: NA, not added. 

^Adjust pH to 8.2 with NaOH. 

’’Adjust pH to 7.2 with NaOH. 

Trace element solution contains (per liter): H2SO4, 0.5 ml; MnS 04 • H2O, 2.28 g; ZnS 04 • 7H2O, 0.5 g; H3BO3, 0.5 g; CUSO 4 
• 5 H 2 O, 25 mg; Na 2 Mo 04 • 2 H 2 O, 50 mg; and C 0 CI 2 • 6 H 2 O, 45 mg. 

Thosphate buffer contains (per liter): 5.44 g of KH 2 PO 4 and 43.0 g of Na 2 HP 04 • I 2 H 2 O; adjust pH to 7.2, and autoclave 
this solution separately from the solution of the other media components. 



Thermonema species require complex mix- 
tures of amino acids for growth (casamino acids, 
peptone and tryptone), and all strains are pro- 
teolytic; casein, elastin and gelatin are degraded 
by T. rossianum. No growth is obtained on car- 
bohydrates, organic acids, or polyols. Starch 
and cellulose are not hydrolyzed (Hudson et al, 
1989; Tenreiro et al, 1997). Thermonema lapsum 
was reported to show DNAse activity (Schofield 
et al., 1987). Growth is obligatory aerobic, and 
nitrate is not reduced. 

Thermonema lapsum is susceptible to penicil- 
lin G and erythromycin and resistant to vanco- 
mycin, kanamycin, cycloserine and nalidixic acid 
(Hudson et al., 1989). 

Thermonema can be preserved by 
lyophilization. 

Ecology 

Thermonema species are found in hot spring 
environments at temperatures around 60-70°C. 
They have been isolated from thermal springs in 
New Zealand (Schofield et al., 1987) and Italy 
(Tenreiro et al., 1997). Recently a number of 
isolates have been obtained from submarine 
smectite cones on the seafloor in northern Ice- 
land, rising 25-45 m from the seafloor located at 



a depth 65 m. Hydrothermal fluid of 60-72°C 
rises here from small chimneys. The outer zone 
of these chimneys harbors Thermonema cells 
(Marteinsson et al., 2001). Surprisingly, no Ther- 
monema strains have yet been isolated from ter- 
restrial hot springs on Iceland. 

The Genus Hymenobacter 

The genus Hymenobacter consists of obligatory 
aerobic nonthermophilic, red-pigmented Gram- 
negative bacteria affiliated with the Cytophaga- 
Flavobacterium-Bacteroides branch of the Bacte- 
ria. The three species presently recognized were 
isolated from highly disparate environments: 
from soils and sandstone of the continental 
Antarctic (Hirsch et al., 1998; Fig. 10), from irra- 
diated pork (Collins et al., 2000), and from air 
collected in the rooms of a museum in Venice 
(Buczolits et al., 2002). Phylogenetically affili- 
ated and physiologically similar strains had ear- 
lier been isolated from antelope dung in South 
Africa and from soil on Crete. These isolates 
were at the time designated as members of the 
newly created genus “Taxeobacter” (Reichen- 
bach, 1991; Reichenbach, 1992), but this genus 
name has never been validated. Although 
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reports of their isolation are few, organisms of 
this group are probably widely distributed and 
may be common members of the autochthonous 
soil flora (Reichenbach, 1992). 

Taxonomy and Phylogeny 

Three species of Hymenobacter have thus far 
been validly named: H. roseosalivarius, of which 
five isolates have been characterized (Hirsch 
et al., 1998), H. actinosclerus (Collins et al., 
2000), and H. aerophilus (Buczolits et al., 2002; 
Table 9). Hymenobacter roseosalivarius, the type 
species, is a red to pink bacterium that was iso- 
lated from continental Antarctic soils and sand- 
stone collected from the Antarctic dry valleys 
(Fig. 10). 

The identification of isolates as strains belong- 
ing to the genus Hymenobacter is based on the 
color of the colonies, the shape of the cells, the 
range of substrates degraded, and the 16S rDNA 
sequence. 

Morphological and Cultural Characteristics 

Hymenobacter cells are rod-shaped and measure 
up to 4 pm in length (Table 9). Hymenobacter 
roseosalivarius has a tendency to become shorter 
to almost coccoid in the stationary growth phase 
(Fig. 10). Cells may show a tendency to aggre- 
gate. On agar plates cells may become arranged 
in palisades at the edge of young spreading 
colonies (Hirsch et al., 1998; Fig. 10 d). The same 
type of cell arrangement has also been noticed 
for “Taxeobacter” isolates (Reichenbach, 1992). 
Hymenobacter roseosalivarius cells often contain 
electron-dense polyphosphate granules near the 
cell poles, and they excrete large amounts of 
extracellular polymer. 

No motility has been observed in H. roseosal- 
ivarius, H. actinosclerus and H. aerophilus. 
However, gliding motility has been reported in 
“Taxeobacter” strains (Reichenbach, 1991). 

Physiological, Biochemical and 
Chemotaxonomic Properties 

Me^o-diaminopimelic acid has been identified 
in the peptidoglycan on H. actinosclerus and H. 
aerophilus (Collins et al., 2000; Buczolits et al., 
2002 ). 

Phosphatidylethanolamine was found as the 
major polar lipid in H. roseosalivarius and in H. 
aerophilus, together with several yet unidentified 
lipids. Bisphosphatidylglycerol was reported to 
occur in H. roseosalivarius but was not found in 
H. aerophilus (Hirsch et al., 1998; Buczolits et al., 
2002). iso- and anteiso-mQt\vy\ branched fatty 
acids and hydroxyl Ao-methyl branched types 
are the major fatty acids (Table 10). 



The major poly amine of H. aerophilus was 
identified as ^ym-homospermidine (Buczolits 
et al., 2002). 

Hymenobacter cells are colored dark red by 
carotenoid pigments. A pigment extract of H. 
aerophilus in acetone has an absorbance maxi- 
mum at 482 nm, with two slight inflection points 
at 453 and 505 nm (Buczolits et al., 2002). The 
major carotenoid pigment of “Taxeobacter” has 
been identified as (all-E,3S,2'R)-2'-hydroxyflex- 
ixanthin (3,l',2'-trihydroxy-3',4'-didehydro-l', 
2'-dihydro-p,\|/-caroten-4-one, and (all-£,2'R)-3- 
deoxy-2'-hydroxyflexixanthin (l',2'-dihydroxy- 
3',4'-didehydro-l',2'-dihydro-p,\j/-caroten-4-one) 
is present as a minor one (Fig. 11). The identifi- 
cation of these carotenoids was confirmed by 
their de novo synthesis and comparison with 
the natural compounds (Bircher and Pfander, 
1997). 

“Taxeobacter gelupurpurascens” was reported 
to show a very peculiar color change when grown 
at 2°C (Reichenbach, 1991), but no details were 
published of the nature of this color change. 

All Hymenobacter isolates are strictly aerobic 
and catalase-positive. Menaquinone MK-7 has 
been identified as the major respiratory quinone 
in H. roseosalivarius (Hirsch et al., 1998), in H. 
actinosclerus (Collins et al., 2000), and in H. 
aerophilus. The latter was found to contain 
minor amounts of MK-6 as well (Buczolits et al., 
2002 ). 

The cytochrome oxidase reaction varies 
among different isolates: H. roseosalivarius and 
H. actinosclerus were reported as oxidase- 
positive (Hirsch et al., 1998; Collins et al., 2000), 
while H. aerophilus showed a negative or weakly 
positive oxidase reaction, depending on the 
strain and the method of detection (Buczolits 
et al., 2002). 

Isolation and Maintenance 

Hymenobacter strains and related isolates have 
been obtained from a wide variety of environ- 
ments, including from soils in the Antarctic and 
the Mediterranean area, from air, and from irra- 
diated meat products (see Table 9). They thus 
appear to be quite abundant, but no quantitative 
data are available on their distribution in differ- 
ent habitats. 

No selective media have yet been developed 
for the enrichment and isolation of Hymeno- 
bacter species. Their isolation has generally been 
based on the color of their colonies on agar 
plates. Hirsch et al. (1998) obtained H. roseosal- 
ivarius from Antarctic soils and sandstone 
samples on low nutrient media incubated with 
illumination to encourage growth of algae, which 
might provide exudates for better growth of the 
bacteria. Hymenobacter actinosclerus was first 
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Fig. 10. Hymenobacter roseosalivarius strains isolated from the Antarctic. Phase contrast light micrographs. Magnification 
bar, 10 pm. a, strain AA-495 grown for four weeks on PYGV; b, strain AA-495 grown for eight days, colony edge; c, strain 
AA-495, the polymer layer was negatively stained with India ink; d, strain AA-1210, colony edge; and e, strain AA-718^, 
colony edge. From Hirsch et al. (1998); reproduced with permission. 
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Table 10. The major fatty acid composition of Hymenobacter species.'' 



Fatty acid 


H. roseosalivarius 
strain AA-718'^ 


H. actinosclerus 


H. aerophilus 
I/26-CorF 


/56>-C15:0 


8.3 


22.3 


10.8 


anteiso-C15\0 


None 


25.8 


22.3 


C16:l co5c 


23.3 


3.7 


7.9 


C16:l cole + iso-C15:0 20H 


29.8 


13.1 


21.4 


iso-Cll\0 


1.7 


1.8 


4.5 


iso-C17:0 30H 


5.8 


3.1 


3.5 


anteiso-Cll'.l B + iso-Cll\l I 


18.5 


19.9 


17.7 



"Values are percentages of total fatty acids. 
From Buczolits et al. (2002). 




Fig. 11. 2'-Hydroxyflexixanthin and 3-deoxy-2'-hydroxyflex- 
ixanthin, the two carotenoid pigments of “Taxeobacter.” 
After Bircher and Pfander (1997). 



isolated from pork chops irradiated with 1.75 
kGy. Its decimal reduction dose in buffer was 
found to be 3.45 kGy and in minced pork as high 
as 5.05 kGy (Collins et al., 2000). Whether other 
Hymenobacter species are as radiation-resistant 
and whether the property can be used in a posi- 
tive selection procedure toward their selective 
isolation remain to be ascertained. 

All Hymenobacter species grow aerobically 
with temperature optima of 10-30°C. The most 
thermotolerant species described (“Taxeobacter 
ocellatus”) does not grow above 38°C (Reichen- 
bach, 1992). The Antarctic isolates of H 
roseosalivarius are adapted to relatively low tem- 
peratures, show optimal growth between 10 and 
27° C, and grow within the range of minima of 
-0.5°C to <5°C and maxima of 25-32°C (Hirsch 
et al., 1998). All species can grow without salt, 
0.5% NaCl is optimal for H. roseosalivarius, and 
no growth is obtained at salt concentrations 
exceeding 4-5%. 

Hymenobacter species can be grown on aero- 
bic agar plate media containing yeast extract and 
other commonly used substrates such as pep- 
tone, glucose and glutamate. Table 11 presents 
the composition of some media that have been 
recommended for the cultivation of members of 
the group. Anaerobic growth does not occur, and 
nitrate is not reduced. 

Hymenobacter roseosalivarius can use glucose, 
sucrose, mannitol, sorbitol, aspartate, malate and 



acetate as growth substrates. Ribose, adonitol, 
alanine, glutamate, glycolate, lactate and succi- 
nate are not used. All isolates belonging to the 
species hydrolyze gelatin, starch, casein, xylan. 
Tween 80 and Tween 60, as well as dead or living 
yeast cells. Cellulose and pectin are not used 
(Hirsch et al., 1998). Hymenobacter actinosclerus 
also hydrolyzes starch (Collins et al., 2000). 
Hymenobacter aerophilus was reported to assim- 
ilate acetate, propionate, fructose, glucose, man- 
nose and sucrose (Buczolits et al., 2002). Among 
the “Taxeobacter” strains are those that degrade 
chitin (“T. chitinovorans”) or pectin. 

Hymenobacter aerophilus and “Taxeobacter” 
have been successfully preserved by 
lyophilization. 

Hymenobacter aerophilus is inhibited by baci- 
tracin, chloramphenicol, colistin sulfate, erythro- 
mycin, fusidic acid, gentamycin, kanamycin, 
nitrofurantoin, penicillin G, polymyxin B, tetra- 
cycline and vancomycin (Buczolits et al., 2002). 
No information has been published on the sensi- 
tivity to antibiotics of the other species. 

The Genus Salinibacter 

The existence of extremely halophilic representa- 
tives of Cytophaga-Flavobacterium-Bacteroides 
branch was first suggested by the recovery of 16S 
rRNA genes affiliated with the group from NaCl- 
saturated saltern crystallizer ponds in Spain 
(Anton et al., 2000). Fluorescence in situ hybrid- 
ization using probes designed to react with the 
novel phylotype showed that the bacteria har- 
boring this 16S rRNA sequence have a slightly 
curved rod-shaped morphology and are abun- 
dant in the saltern environment: They may rep- 
resent up to 5-25% of the total number of 
prokaryotic cells present in the Spanish crystal- 
lizer ponds (Anton et al., 1999). Enrichment of 
saltern brine samples with low concentrations of 
yeast extract led to an increase in the numbers 
of these rod-shaped cells, and multiplication was 
most rapid at salt concentrations between 20 and 
25% (Anton et al., 2000). This new type of rod- 
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Table 11. Growth media for the cultivation of Hymenobacter and “Taxeobacter” species. 





Hymenobacter 

roseosalivarius 


Hymenobacter 
actinosclerus and 
H. aerophilus 




Taxeobacter” media 




Medium designation 


PYGV agar; 


PYES medium; 


MYX agar; 


VY/2 agar; 


CY-agar; 




DSMZ 


DSMZ 


DSMZ 


DSMZ 


DSMZ 




medium 621^ 


medium 937’’ 


medium 729® 


medium 9"^ 


medium 67® 


Peptone 


0.25g/liter 


3.0g/liter 


NA 


NA 


NA 


Casitone 


NA 


NA 


NA 


NA 


3.0g/liter 


Na 2 -glutamate 


NA 


NA 


5.0g/liter 


NA 


NA 


Yeast extract 


0.25g/liter 


3.0g/liter 


l.Og/liter 


NA 


l.Og/liter 


Baker’s yeast, heat-killed 


NA 


NA 


NA 


5.0g/liter 


NA 


Na-succinate 


NA 


2.3g/liter 


NA 


NA 


NA 


Glucose (autoclaved 


NA 


NA 


2 . 0 g/liter 


NA 


NA 


separately) 


MgS04-7H20 


NA 


NA 


l.Og/liter 


NA 


NA 


CaCl 2 ' 2 H 20 


NA 


NA 


NA 


NA 


1.36g/liter 


Mineral salt solution® 


20 ml/liter 


NA 


NA 


NA 


NA 


Glucose solution (2.5%, 


lOml/liter 


NA 


NA 


NA 


NA 


filter-sterilized) 


Vitamin solution^ 


5 ml/liter 


NA 


NA 


NA 


NA 


Vitamin B 12 ® 


NA 


NA 


NA 


0.50mg/liter 


NA 



Abbreviation: NA, not added. 

"" Adjust to pH 7.5 and solidify with agar (15g/liter). 

^Adjust to pH 7.2. May solidify with agar (15g/liter). 

"" Adjust to pH 7.2 and solidify with agar (15g/liter). 

‘^Adjust to pH 7.2 with KOH and solidify with agar (15g/liter). 

^Mineral solution contains (per liter): nitrilotriacetic acid, lOg; MgS 04 - 7 H 20 , 29.7g; CaCl 2 ' 2 H 20 , 3.34g; Na 2 Mo 04 - 2 H 20 , 
12.67mg; FeS 04 - 7 H 20 , 99mg; and metal salt solution 44, 50ml. Metal salt solution 44 contains (per liter): Na-EDTA, 2.5g; 
ZnS 04 - 7 H 20 , 10.95g; FeS 04 ' 7 H 20 , 5.0g; MnS 04 'H 20 , 1.54g; CUSO 4 5 H 2 O, 0.392g; Co (N 03 ) 2 * 6 H 20 , 0.248g; 
Na 2 B 407 ' IOH 2 O, 0.177g; and a few drops of H 2 SO 4 added to retard reprecipitation of the metal ions. 

Vitamin mixture contains (per liter): biotin, 4mg; folic acid, 4mg; pyridoxine. HCl, 20mg; riboflavin, lOmg; thiamine- 
HCF 2 H 20 , lOmg; nicotinamide, lOmg; D-Ca-pantothenate, lOmg; vitamin B 12 , 0.2mg; and p-aminobenzoic acid, lOmg. This 
solution (which is stored in the dark and cold) is added after the mixture of other medium components has been autoclaved. 
^Sterilized by filtration. 



shaped extreme halophile was then designated 
“Candidatus Salinibacter” (Anton et al, 2000). 

Isolation of the organism soon followed, and 
a formal description of Salinibacter ruber was 
published in 2002, based on the study of a num- 
ber of strains obtained from saltern crystallizer 
ponds in Spain and on the Balearic Islands 
(Anton et al, 2002). Additional isolates of Salin- 
ibacter have recently been obtained from a salt 
crust near a highly saline pool in Death Valley 
National Park, California (Hollen et al., 2003). 

Salinibacter isolates are orange-pigmented 
obligate aerobes that appear to prefer relatively 
low nutrient concentrations (yeast extract, 
amino acids and some sugars) for growth. All 
isolates are extremely halophilic, requiring at 
least 150 g of salt per liter for growth. Thus, they 
are among the most halophilic organisms within 
the domain Bacteria, and their salt requirement 
and tolerance are similar to those of the archaeal 
order Halobacteriales, which contains the 
most halophilic microorganisms known thus far 
(see the chapter on The Order Halobacteriales 
in Volume 3). 



Taxonomy and Phylogeny 

The 16S rDNA sequences of the Cytophaga-Fla- 
vobacterium group recovered from the saltern 
crystallizer ponds near Alicante, Spain, cluster in 
two groups, represented by sequences termed 
“Extremely Halophilic Bacteria” EHB-1 and 
EHB-2 (Anton et al., 2000; Fig. 3). The 16S 
rDNA sequences of the Salinibacter isolates 
obtained from these ponds are nearly identical 
and cluster with phylotype EHB-1 (Anton et al., 
2002). No cultures have yet been isolated that 
carry the closely related phylotype EHB-2. New 
related 16S rDNA sequences were recovered 
from solar salterns on the Balearic islands Ibiza 
(EHB-3) and La Palma (EHB-4 and EHB-5; Fig. 
3). Additional related 16S rDNA sequences have 
recently been amplified from a microbial mat 
within a salt crust developing around hypersaline 
pools at the Badwater site. Death Valley 
National Park, California (Hollen et al., 2003). 

The closest relative of Salinibacter on the basis 
of 16S rDNA sequence is Rhodothermus, a genus 
of slightly halophilic (optimal growth at 0.5-2% 
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NaCl), thermophilic (optimum 65-70°C, maxi- 
mum around 77°C) red bacteria isolated from 
marine hot springs. The properties of Rhodother- 
mus were discussed in an earlier section (The 
Genus Rhodothermus). The 16S rDNA similar- 
ity between the Salinibacter strains and Rhodot- 
hermus is about 84-86%. 

As specified in the sections below, Salinibacter 
shows many properties that are characteristic of 
the extremely halophilic Archaea of the order 
Halobacteriales (see the chapter on The Order 
Halobacteriales in Volume 3). Many of these 
common properties point to the possibility of 
convergent evolution of Salinibacter and the 
Halobacteriales toward adaptation to life at the 
highest salt concentrations (Oren, 2004a). It may 
be expected that a comparative genomic analysis 
of Salinibacter and of the halophilic Archaea 
may yield much relevant information on the 
nature of halophilism and the way halophilic 
properties are shared between organisms of dis- 
parate phylogenetic affiliation. 

The five isolates from Spanish crystallizer 
ponds studied proved sufficiently similar to be 
classified in a single species, which was named 
Salinibacter ruber (Anton et al., 2002). The type 
strain is strain M31^ (DSM 13855; CECT 5946; 
16S rDNA accession number: AF322499 

[www.ncbi.nlm. nih.gov/entrez/query.fcgi?db= 
nucleotide=search=AF322499]), isolated from a 
saltern on Mallorca, Spain (Figs. 12 and 13). The 
DNA G+C content of the S. ruber isolates is 
66.3-67.7 mol% (66.5 mol% for the type strain). 

Salinibacter ruber can be identified by its cell 
morphology and by the color of its colonies. 
Sequence analysis of the 16S rDNA presents the 
most certain way of identification, enabling also 
a comparison with the 16S rDNA sequence of 
the type strain. A specific 16S rRNA-based phy- 
logenetic probe (“EHB412,” positions 412-429, 
5'-ACACCCCUAUGGGGCGUA-3') has been 
developed for fluorescent in situ hybridization 




Fig. 12. Phase-contrast micrograph of Salinibacter ruber 
strain M31^. Bar, 5 pm. From Anton et al. (2002); reproduced 
with permission. 



and colony hybridization studies for the detec- 
tion of Salinibacter (Anton et al., 2000; Anton 
et al., 2002). 

Morphological and Cultural Characteristics 

Salinibacter is a rod-shaped, often slightly curved 
bacterium measuring 2-6 x 0.4 pm (Figs. 12-14). 
The cells stain Gram-negative. In contrast to the 
non-coccoid representatives of the Halobacteri- 
ales, which lyse upon suspension in distilled 
water, maintenance of cell shape in Salinibacter 




Fig. 13. Scanning electron micrograph of Salinibacter ruber 
strain M31^. Bar, 2.5 pm. From Anton et al. (2002); repro- 
duced with permission. 




Fig. 14. Electron micrograph of Salinibacter ruber strain 
Pola-18 cells, stained with 1% phosphotungstic acid. Bar is 
1 pm. 
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does not depend on the presence of high salt 
concentrations. Salinibacter is an obligate aer- 
obe, shows positive oxidase and catalase reac- 
tions, and does not reduce nitrate. 

Two Salinibacter isolates were recently 
obtained from the Badwater site. Death Valley 
National Park, California (Hollen et al., 2003). 
Their 16S rRNA sequence is identical and shows 
95-96% similarity to that of the sequences 
directly amplified from that environment (F.A. 
Rainey, personal communication). The similarity 
of the 16S sequences of these isolates and the 
type strain of S. ruber is only 93-94%, suggesting 
that they should be classified in a separate spe- 
cies within the genus. 

Physiological, Biochemical and 
Chemotaxonomic Properties 

The major phospholipids detected in S. ruber are 
phosphatidylcholine, phosphatidylethanolamine, 
phosphatidylglycerol and diphosphatidylglyc- 
erol. These phospholipids contain a mixture 
of monounsaturated (mainly C16:lco7 and 
C18:lco7) and methyl-branched (mainly iso- 
branched C15:0) fatty acids (Oren et al., 2004b). 

Colonies of Salinibacter have a bright red- 
orange color. The absorption spectrum of a cell 
extract in methanol/acetone (1:1, v/v) shows a 
maximum at 478 nm and a shoulder at 506-510 
nm. The principal (>96 % of total) pigment of S. 
ruber has been identified as a novel acylated 
glucocarotenoid [(all-£, 2'5')-2'-hydroxy-l'-[6-(9- 
(13-methyltetradecanoyl)-p-D-glycopyranosy- 
loxy-3',4'-didehydro-l',2'-dihydro-p,\|/-caroten- 
4-one], now named “salinixanthin” (Lutnaes 
et al., 2002; Fig. 8). The esterifying fatty acid, the 
branched 13-methyltetradecanoic acid, is also 
the major fatty acid of the membrane lipids of S. 
ruber. The structure of salinixanthin resembles 
that of pigments of the phylogenetically related 
Rhodothermus (Alfredsson et al., 1988; Lutnaes 
et al., 2004; see also Fig. 7). 

Salinibacter uses KCl rather than organic sol- 
vents to osmotically balance its cytoplasm with 
its highly saline medium. This mode of osmotic 
adaptation is rarely found in the domain Bacte- 
ria. Most halophilic and halotolerant representa- 
tives of the Bacteria use organic osmotic solutes 
instead (see the chapter on The Order Haloa- 
naerobiales in Volume 4). This is true also for the 
marine, slightly halophilic Rhodothermus mari- 
nus (phylogenetically the closest known relative 
of Salinibacter), which uses organic solutes (a- 
mannosylglycerate and a-mannosylglyceramide) 
as osmotic solutes (Silva et al., 1999; see also the 
section The Genus Rhodothermus earlier in this 
Chapter). The only exception known previous to 
the discovery of Salinibacter was a group of 
anaerobic fermentative halophilic Bacteria of 



the order Halanaerobiales, affiliated with the low 
G+C branch of the Firmicutes (see the chapter 
The Order Halobacteriales in Volume 3). The use 
of KCl as osmotic solute has been well docu- 
mented in the aerobic extremely halophilic 
Archaea of the order Halobacteriales (see the 
chapter on The Order Halobacteriales in Volume 
3). 

Intracellular potassium concentrations as high 
as 11-15 pmol K^mg of protein have been mea- 
sured in Salinibacter strains (Anton et al., 2002). 
These values are in the same range as those 
detected in Halobacterium salinarum (Archaea) 
and correspond to 4-5 M intracellular K^, assum- 
ing an intracellular volume of 2.75 pl/mg of 
protein. The presence of high intracellular 
concentrations in S. ruber was confirmed by X- 
ray microanalysis of single cells in the electron 
microscope, a technique that also confirmed the 
presence of high concentrations of CL as the 
intracellular counterion, which approximately 
balances the sum of and Na^ (Oren et al., 
2002b). Very low concentrations of organic 
osmotic solutes were found in Salinibacter using 
techniques such as ^^C-NMR and high pressure 
liquid chromatography (HPLC). Compounds 
detected included glutamate, glycine betaine, 
and V-a-acetyl-lysine. V-a-acetyl-lysine was the 
only compound whose concentration increased 
with the medium salinity (Oren et al., 2002b). 
These organic solutes cannot be expected to sig- 
nificantly contribute to the osmotic balance of 
the cells in view of the low concentrations in 
which they were found. 

If indeed KCl is the main osmotic stabilizer 
inside the cells, the intracellular enzymatic 
machinery should be fully adapted to the pres- 
ence of high salt concentrations. In the halophilic 
Archaea of the order Halobacteriales such adap- 
tation of the proteins to high salt has led to char- 
acteristic modifications of protein structure, 
including a high content of acidic amino acids, a 
low content of basic amino acids, a low content 
of hydrophobic amino acids, and a relatively 
high content of “borderline hydrophobic” amino 
acids serine and threonine (see the chapter on 
Life at High Salt Concentrations in Volume 2). 
Such salt-adapted proteins generally require 
high salt for stability and activity, and they often 
denature at low salt concentrations. Examination 
of the amino acid composition of the bulk pro- 
tein of S. ruber showed a similar pattern as found 
in the Halobacteriales. The content of Asx and 
Glx of the S. ruber proteins is almost as high as 
that of the halophilic Archaea Halobacterium 
salinarum and Haloarcula marismortui (Asx + 
Glx = 29.2 mol%, as compared to 31.8 and 32.3 
mol%, respectively), and a high apparent excess 
of acidic amino acids was found as well ([Asx + 
Glx] - [Lys + Arg] is 21.2 mol%, as compared to 
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25.4 and 26.2 mol% for the two halophilic 
Archaea). A low content of hydrophobic amino 
acids and a high content of serine were also 
observed in the Salinihacter bulk protein (Oren 
and Mana, 2002a). 

The halophilic nature of the proteins of S. 
ruber was confirmed for a number of intracellu- 
lar enzymatic activities. As shown in Table 12, 
most enzymes studied showed a marked halo- 
philic character, most had their optimal activity 
at high salt concentrations, and many proved 
inactive in the absence of salt. The activities 
tested included enzymes of the central dissimi- 
latory metabolism (isocitrate dehydrogenase 
and malate dehydrogenase), a central enzyme 
in amino acid metabolism (glutamate dehydro- 
genase), enzymes involved in sugar and glyc- 
erol dissimilation (hexokinase, glucose-6- 
phosphate dehydrogenase, glycerol dehydroge- 



nase, and glycerol kinase), and the fatty acid 
synthetase complex, essential for lipid biosyn- 
thesis. Although the general trend of salt 
dependence of proteins is clear, significant dif- 
ferences occur in the relation to salt of the indi- 
vidual enzymes. 

Isolation and Maintenance 

The strains described in the literature (Anton 
et al., 2002) have all been isolated by plating 
dilutions of saltern crystallizer brine on agar 
plates (media described in Table 13). They were 
recognized as members of the genus Salinihacter 
either by colony hybridization with a probe 
designed to detect the Salinihacter 16S rRNA 
phylotype or by thin layer chromatography of 
polar lipids extracted from subcultures of 
selected orange colored colonies. 



Table 12. The relation of several intracellular enzymatic activities of S. ruber to salt. 



Enzyme 


Salt requirement 


Comments 


References 


Isocitrate 

dehydrogenase 
(NAD -dependent) 


Optimum at 0.5-2 M KCl, with 
rates of 60% of the optimum 
value at 3.3 M; 70% of the 
optimum rates in KCl were 
found at 0.2-1. 2 M NaCl; and low 
activity above 3M NaCl 


None 


Oren and Mana, 2002a 


Isocitrate 

dehydrogenase 
(NAD -dependent) 


Activity approximately constant 
between 0 and 3.2 M NaCl and 
increased with increasing KCl 
concentration 


None 


Oren and Mana, 2002a 


Malate 

dehydrogenase 

(NAD-dependent) 


Optimal activity in the absence of 
salt; approximately 25% of the 
maximum activity remained at 
NaCl and KCl concentrations 
above 3M 


None 


Oren and Mana, 2002a 


Glutamate 


Two enzymes were found (GDHI 


Both enzymes catalyze reductive 


Oren and Mana, 2002a; 


dehydrogenase 
(NAD -dependent) 


and GDHII); GDHI depends on 
high salt concentrations for 
stability, but GDHI is optimally 
active in the absence of salts; 
GDHII depends on high salt 
concentrations for both activity 
and stability; amination of 2- 
oxoglutarate is optimal in 3M 
KCl at pH 8; no activating effect 
was found when NaCl was 
replaced by KCl 


amination of a-ketoglutarate,but 
only GDHII displayed activity in 
the deamination reaction of 
glutamate; both enzymes were 
activated by certain amino acids 
and nucleotides; a low- 
molecular-weight cytoplasmic 
fraction activates GDHII in the 
presence of high NaCl 
concentrations 


Bonete et al., 2003 


Hexokinase 


Activity is inhibited by salt, and no 
activity was recorded in the 
presence of 2.1 M KCl or 2.8 M 
NaCl 


None 


Oren and Mana, 2003 


Glucose-6-phosphate 

dehydrogenase 

(NADP-dependent) 


Activity is optimal above 1.5-2M 
NaCl or KCl; no activity found 
below 0.8 M salt 


Constitutive 


Oren and Mana, 2003 


Glycerol kinase 


Activity is similar from 0.6-2.8M 
KCl 


Inducible 


Sher et al., 2004 


Fatty acid synthetase 


Optimal activity found at 0.5-1.5M 
salt; little activity in the absence 
of salt 


None 


Oren et al., 2004a 
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Table 13. Media for the cultivation of Salinibacter. 



Ingredient 


DSMZ 
medium 936’' 


Modified 
R 2 A medium’’ 


NaCl 


195.0 g/liter 


200.0 g/liter 


MgCl 2 - 6 H 20 


34.6 g/liter'^ 


NA 


MgS04'7H20 


49.5 g/liter" 


20.0 g/liter 


CaCl 2 ' 2 H 20 


1.25 g/liter 


NA 


KCl 


5.0 g/liter 


0.1 g/liter 


NaHC 03 


0.25 g/liter 


NA 


NaBr 


0.625 g/liter 


0.3 g/liter 


KH 2 PO 4 


NA 


NA 


Yeast extract 


1.0 g/liter 


0.5 g/liter 


Bacto-peptone 


NA 


0.5 g/liter 


Casamino acids 


NA 


0.5 g/liter 


Glucose 


NA 


0.5 g/liter 


Starch 


NA 


0.5 g/liter 


Na-pyruvate 


NA 


0.3 g/liter 



Abbreviation: NA, not added. 

"^The author uses a version of this medium in which the con- 
centrations of MgCl 2 ' 6 H 20 and MgS 04 - 7 H 20 are reduced 
to 25.0 and 16.3 g/liter, respectively. 

^Adjust the final pH to 7.0. Liquid media may be solidified 
with agar (20 g/liter). 



The fact that Salinibacter is insensitive to the 
antibiotics anisomycin and bacitracin, two anti- 
biotics that are highly inhibitory to halophilic 
Archaea of the order Halobacteriales (see 
below), can be used to design selective enrich- 
ment and isolation protocols. Inoculation of salt- 
ern crystallizer brine from Eilat, Israel, into 
suitable growth medium amended with anisomy- 
cin (15 mg/liter) gave rise to a culture of Salini- 
bacter. Similarly, when such a brine sample was 
inoculated on agar plates of modified R 2 A 
medium (see Table 13) with bacitracin (25 mg/ 
liter), most of the colonies that developed after 
2-3 weeks of incubation at 35°C were orange 
colored Salinibacter-iytpQ cells. 

Salinibacter can be grown in media with rela- 
tively low concentrations of yeast extract and 
other nutrients such as amino acids, in the pres- 
ence of salt (200-250 g/liter). High nutrient levels 
are inhibitory for growth. Table 13 gives the com- 
position of two media that proved suitable for its 
cultivation. 

Salt concentrations of at least 150 g/liter are 
required, and all strains grow at NaCl concentra- 
tions up to saturation. The optimal pH range for 
growth is 6.5-8.0, and the temperature optimum 
is 35-45°C. Under optimal growth conditions 
doubling times of around 14-18 h are obtained. 

Salinibacter is an obligate aerobe that does 
not reduce nitrate. Amino acids appear to be 
the preferred nutrients for growth. Most strains 
hydrolyze gelatin. According to the original 



description of S. ruber (Anton et al., 2002), 
growth is not stimulated by sugars at a concen- 
tration of 5 g/liter. However, it was later found 
that glucose, maltose, starch, and glycerol signif- 
icantly increase the growth yield when added at 
a concentration of 0.5-1 g/liter (Oren and Mana, 
2003; Oren et al., 2003). Glucose degradation 
starts only after more easily metabolizable sub- 
strates have been depleted from the medium. As 
a result, diauxic growth is obtained in medium 
containing both yeast extract and glucose as car- 
bon and energy sources. No acidic products are 
produced during sugar metabolism. Enzymolog- 
ical studies suggest that glucose is metabolized 
by the Entner-Doudoroff pathway via hexoki- 
nase and NADP-dependent glucose-6- 
phosphate hydrogenase (Oren and Mana, 2003). 
No diauxic growth was obtained in media con- 
taining glycerol and yeast extract. Metabolism of 
glycerol was shown to involve an inducible glyc- 
erol kinase (Sher et al., 2004). 

Salinibacter ruber is sensitive to penicillin 
G, ampicillin, chloramphenicol, streptomycin, 
novobiocin, rifampicin and ciprofloxacin. No 
growth inhibition was found by kanamycin, bac- 
itracin, tetracycline and colistin. The cells are 
resistant to anisomycin and aphidicolin, two 
potent growth inhibitors of halophilic Archaea of 
the order Halobacteriales. 

In microbiological studies of salterns and salt 
lakes the color of colonies on agar plates has 
often been used to discriminate between halo- 
philic Archaea (red colonies) and halophilic or 
halotolerant representatives of the Bacteria (col- 
orless colonies). The discovery of Salinibacter 
as a quantitatively important component of the 
prokaryotic community in certain hypersaline 
ecosystems shows that this approach may lead to 
incorrect identifications. It is quite possible that 
colonies of Salinibacter were observed long 
before the species was recognized, but were erro- 
neously considered to be halophilic Archaea. 
Colony color alone is therefore insufficient 
to allow classification of extremely halophilic 
prokaryotes as members of the Archaea or the 
Bacteria. The color of Salinibacter colonies is 
more orange and less red-pink than that of col- 
onies of most members of the Halobacteriales on 
high salt agar media. The absorption spectrum of 
a pigment extract in methanol-acetone (1:1, v/v) 
may help identify a culture as a member of the 
genus Salinibacter (salinixanthin; absorbance 
peak at 478 nm with a broad shoulder at 506- 
MO nm) or the halophilic Archaea (bacterioru- 
berin derivatives [see the chapter on The Order 
Halobacteriales in Volume 3] with absorbance 
maxima at 496 nm and 530 nm and a shoulder at 
470 nm). 

Salinibacter ruber can be preserved by 
lyophilization. 
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Until recently there was little evidence that het- 
erotrophic representatives of the domain Bacte- 
ria played a significant role in the microbial 
community inhabiting salt-saturated environ- 
ments. However, now it has become clear that 
rod-shaped prokaryotes that carry the Salini- 
bacter phylotype may be abundant in saltern crys- 
tallizer ponds, where they occur together with 
different types of halophilic Archaea of the order 
Halobacteriales (Anton et al, 1999; Anton et al., 
2000). Fluorescent in situ hybridization experi- 
ments have shown that Salinihacter may repre- 
sent up to 5-25% of the total prokaryote 
community in such environments (Anton et al., 

2000) . Moreover, pigment analysis has demon- 
strated that the salinixanthin of Salinibacter may 
contribute up to about 5% of the total prokary- 
otic carotenoids that color red-pink the crystal- 
lizer brines of the salterns near Alicante, Spain, 
and on Mallorca (Oren and Rodriguez-Valera, 

2001) . Salinibacter has now also been isolated 
from saltern crystallizer ponds in Israel (A. Oren 
and R. Elevi, unpublished results). The genus may 
thus occur widespread in hypersaline environ- 
ments of near-neutral pH with salt concentrations 
between 150 g/liter and NaCl saturation, as was 
shown both by the finding of characteristic 16S 
rDNA sequences and by the direct isolation of 
new strains from the salt crust around saline pools 
in Death Valley, California (Hollen et al., 2003). 

Salinibacter has nutritional requirements 
similar to those of the halophilic Archaea of 
the order Halobacteriales. The two groups may 
therefore be expected to compete for substrates 
such as amino acids and sugars in their natural 
environment. Glycerol is probably a readily 
available carbon and energy source in hypersa- 
line water bodies, as it is produced in high quan- 
tities as osmotic solute by unicellular green algae 
of the genus Dunaliella (see the chapter on Life 
at High Salt Concentrations in Volume 2). It 
was shown that dissimilation of glycerol is an 
inducible property in S. ruber (Sher et al., 2004). 
Curiously, a recent study in which microautora- 
diography was combined with fluorescent in situ 
hybridization to obtain information about the 
organic substrates used by the microbial commu- 
nity in a saltern crystallizer pond on Mallorca 
suggested that glycerol was incorporated neither 
by Salinibacter nor by the members of the Halo- 
bacteriales present (Rossello-Mora et al., 2003). 
The elucidation of the factors determining the 
community dynamics of Salinibacter and the 
halophilic Archaea in their shared habitat and 
the interrelationships between the two physio- 
logically similar but phylogenetically distant 
groups will be a challenging topic for further 
study. 
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Introduction 

A great deal has been written about Chlamydia 
during the past few years. Several excellent 
reviews are available as are recent symposia pro- 
ceedings and a new volume dedicated to descrip- 
tions of these organisms (see Literature Cited). 
Members of the genus Chlamydia are among the 
“high profile” human pathogens of the 21st cen- 
tury (Peeling and Brunham, 1996). Millions of 
people are infected with Chlamydia, and these 
organisms are associated with a vast array of seri- 
ous diseases. Chlamydia trachomatis is the most 
common sexually transmitted bacterial pathogen 
in the world. It can cause acute infections in both 
men and women but also can be insidious and 
result in serious long-term complications in 
women who have upper genital tract involve- 
ment. Chlamydia pneumoniae is a more recently 
identified human pathogen that has been impli- 
cated in a significant portion of community 
acquired pneumonia outbreaks in many parts of 
the world. Serologic evidence suggests that most 
adults have been exposed to C. pneumoniae by 
the middle stages of life. This nearly universal 
exposure has taken on added significance with 
the recognition that C. pneumoniae also is asso- 
ciated with a large proportion of cardiovascular 
disease patients. 

The chlamydiae are a group of obligate intra- 
cellular prokaryotic pathogens that are known to 
be involved with human populations at least as 
far back as the earliest times when people settled 
together in large communities. Many of the great 
cities of North Africa and the Middle East were 
constructed with long, high-walled avenues with- 
out curves that led to a region of the city where 
those afflicted with blinding chlamydial ocular 
disease could go to live as beggars or, more 
likely, to die. These streets are called “straights” 
and they lead to the cities of the blind. The fact 
that ancient urban planners designed city layouts 
to accommodate citizens afflicted with a single 
infectious disease speaks significantly about the 
magnitude of human misery wrought by chlamy- 
diae. Yet this is but a single example in the rep- 



ertoire of major afflictions caused by these 
organisms that have impacted humankind. 

Descriptions of trachoma, a blinding chlamy- 
dial ocular disease, are accurately depicted in the 
earliest written communications. A 5,000-year- 
old Egyptian document called “the Ebers 
Papyrus” states that eyes that suffer from a flow 
of matter be treated with a combination of castor 
oil tree leaves, goose grease, and milk of a 
woman who had borne a son. Interestingly, 
breast milk is now known to have anti-chlamy- 
dial activity according to a 1997 publication. Tri- 
chiasis is the abrasion of the in-turned eyelashes 
on the cornea. It is virtually pathognomonic for 
trachoma and its cure, as stated in the Ebers 
Papyrus, is to treat the afflicted individual with 
myrrh, lizard’s blood and bat’s blood, after tear- 
ing out the hairs. It is further stated that treat- 
ment with bat’s blood, the rim of a new vessel, 
presumably rubbed along the conjunctiva, and 
honey may prevent exacerbation of trichiasis. 
These trachoma restoratives are possibly the first 
recorded chemotherapeutic regimens for an 
infectious disease. The degree of efficacy was not 
stated in these early writings, although there is 
no indication that the recommended treatment 
was a nostrum either. The remedies presented in 
the Ebers Papyrus do point out the fact that 
chlamydial infections have been with people for 
at least as long as people have been recording 
their activities. 

There is no doubt that the disease described in 
the Egyptian writings was caused by chlamydiae. 
The problem of chlamydial diseases, however, is 
not just one of antiquity. It remains with us today, 
and chlamydial infection may be more significant 
now than when the Ebers Papyrus was written. 
Chlamydiae continue to be a worldwide infec- 
tious disease health threat in a variety of settings 
and conditions. These bacteria are arguably the 
most ubiquitously distributed pathogens on the 
face of the globe, causing infections in organisms 
ranging in complexity from mollusks to human 
beings. Their obligate intracellular requirements 
restrict the chlamydiae to life not only within the 
host, but also within the very cells of the host. 
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This limitation in niche exploitation has no doubt 
contributed to the phylogenetic and taxonomic 
separation of chlamydiae from other prokary- 
otes. The chlamydiae occupy a unique taxonomic 
position and have evolved a unique lifestyle that 
contributes to their peculiar pathogenic poten- 
tial. The chlamydiae clearly can cause acute 
infectious diseases, but the hallmark of chlamy- 
dial infections is their tendency toward chronic- 
ity. Disease manifestations may become evident 
only years after initial exposure to these organ- 
isms. It is this feature of chlamydial infections 
that causes them to be so difficult to identify, 
recognize and effectively manage. 

Taxonomy 

The order Chlamydiales comprises a single fam- 
ily, Chlamydiaceae, and the single genus 
Chlamydia. Recently, it has been proposed, 
based on 16S rRNA and ribosomal intergenic 
spacer sequence analyses, that existing chlamy- 
diae taxonomic schemes are inadequate and that 
the Chlamydiaceae are more properly grouped 
into two genera, the Chlamydia and the Chlamy- 
dophila. This new taxonomic scheme recently 
was updated to include phylogenetic analysis of 
a small subset of well-characterized proteins 
(Everett, 2000). 

In this revised taxonomy, organisms clearly 
distinct from Chlamydia would form two new 
families. The Parachlamydiaceae would be a 
family comprising chlamydiae -like organisms 
found existing in protozoans and a variety of 
multicellular invertebrates, and the Simkani- 
aceae would be a family comprising a single 
strain of chlamydiae-like organisms originally 
isolated as a tissue culture contaminant. The 
genus Chlamydia, according to new taxonomic 
criteria, would comprise members of the classic 
C. trachomatis group, and the genus Chlamydo- 
phila would comprise most veterinary chlamy- 
dial pathogens, human-specific C. pneumoniae 
and other C. pneumoniae-liko strains isolated 
from a variety of animal species. It is clear that 
existing taxonomic criteria are inadequate. This 
is especially true for classification of members of 
chlamydiae that cause infections in livestock and 
other veterinary based groups. It is also clear that 
there is less enthusiasm among the research com- 
munity working in areas related to human dis- 
eases for splitting the genus Chlamydia into two 
genera, although there is wide agreement that 
some modification of existing species designa- 
tions might be in order. 

At the present time it is not clear if the genus 
Chlamydophila will be embraced as an alterna- 
tive to Chlamydia psittaci, C. pecorum and espe- 
cially C. pneumoniae. It is likely that a sensible 



compromise is needed as a way out of the current 
taxonomic morass. A scheme that might provide 
utility would be to maintain a single genus 
{Chlamydia) but increase the number of species 
from four to nine. Most changes would reflect a 
reorganization of the C. psittaci group, a taxo- 
nomic area that is badly in need of reorganiza- 
tion and was the impetus for initiating the more 
drastic changes at the genus level noted above. 
This compromise would serve to provide a mean- 
ingful working framework for the classification 
of veterinary chlamydial organisms and allow for 
Chlamydia to be recognized as a genus of obli- 
gate intracellular pathogens causing acute and 
chronic infectious diseases in people. This new 
classification scheme is outlined in Table 1. 



General Basic Biology 

The fundamental principles of chlamydial 
growth, development, interaction with the host, 
and basic biology center around the develop- 
mental cycle depicted in Fig. 1. This intracellular 
growth stratagem is unique to chlamydiae and 
the essential elements hold true for all chlamy- 
dial strains and species (Scidmore-Carlson and 
Hacks tadt, 2000). Notable differences do exist in 
some of the developmental cycle details between 
species or strains, but this will be taken up later. 
In its most idealized condition, it involves the 
orderly alternation of two distinct developmen- 
tal forms (sequence A-F of Fig. 1). One devel- 
opmental form is specialized for invasion into 
susceptible host cells (elementary body [EB]), 
and the other is specialized for growth, replica- 
tion and division within the host cell (reticulate 
body [RB]).The elementary body is a small (0.2- 
0.3 qm) spherical particle that is metabolically 
inactive but capable of initiating invasion into 
susceptible host cells by virtue of specialized 
adhesins that remain incompletely defined. It is 
probable that chlamydial invasion is a multistep 
process that requires a set of surface exposed 
chlamydial moieties interacting with unspecified 
host cell ligands. It has been suggested that 
chlamydial-derived, surface-exposed heparin 
sulfate polymers facilitate entry. Various surface- 
exposed chlamydial proteins also have been 
implicated in the entry process. The best current 
evidence implicates the chlamydial major outer- 
membrane protein as an adhesin. New informa- 
tion (http://www.stdgen.lanl.gov/), based initially 
on data provided by the complete genome 
sequence for several strains of chlamydiae 
(Stephens, 2000; Stagg, 1998), demonstrates that 
an entire family of chlamydial surface proteins 
(polymorphic membrane proteins or Pmps) also 
warrants study as putative host cell binding 
adhesins. Unfortunately, definitive statements 
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Table 1. The Compromise Approach to Chlamydial Taxonomy. 

Traditional classification scheme Proposed classification scheme 



Human strains 

Chlamydia trachomatis — similar serologic (as well as 
genotypic) groupings as before 



Human strains 

Chlamydia trachomatis L1-L3 
Chlamydia trachomatis A, B, Ba, C 
Chlamydia trachomatis D-K 
Chlamydia pneumoniae 
Non-human strains 

Chlamydia trachomatis — mouse pneumonitis 
Chlamydia trachomatis — pig strains 
Chlamydia psittaci 

Birds and mammals, associated with arthritis or abortion 
in livestock, especially sheep and cattle 
Chlamydia pecorum found in various species including 
koalas and ruminants, causing arthritis and systemic 
infection 

Chlamydia pneumoniae strains found in horses and koalas 



Chlamydia pneumoniae 
Non-human strains 

Chlamydia muridarum (former mouse pneumonitis 
strains) 

Chlamydia suis (former C. trachomatis pig strains) 

Chlamydia psittaci (mainly bird strains) can cause serious 
respiratory and systemic zoonotic diseases in humans 

Chlamydia abortus (former C. psittaci) associated with 
cattle and sheep abortion 

Chlamydia caviae (former C. psittaci guinea pig inclusion 
conjunctivitis strains) 

Chlamydia felis (former C. psittaci feline pneumonitis 
strains) 

Chlamydia pecorum (same as before) 

Uncertain taxonomic status 

Chlamydia pneumoniae — non-human strains 



Chlamydial Developmental Cycle 



A- B. 




Fig. 1. Chlamydial life cycle. Chlamydiae adhere to the host 
cell and are endocytosed (A). The pathogen prevents 
phagosome-lysosome fusion (B), differentiates into the retic- 
ulate body (C) and begins replicating within the inclusion 
(D). Replicating reticulate bodies may re-differentiate back 
into elementary bodies (E, F) and lyse the host cell to begin 
a new round of infection. In addition, under conditions of 
immune-stress such as the presence of interferon-gamma, the 
pathogen may adopt a non-infectious, non-replicating “per- 
sistent” form (G); when the stress is removed, the pathogen 
can re-differentiate into infectious elementary bodies to 
begin a new cycle of infection. 

about entry must await additional definitive 
studies in this area. 

Chlamydial invasion resembles phagocytosis 
but occurs in both phagocytic (e.g., mononuclear 
phagocytes) and nonphagocytic (e.g., epithelial) 
cells and therefore has been referred to as patho- 



gen-specified endocytosis. The internalized EB is 
contained within a vesicle that does not fuse with 
lysosomes, interrupting the normal acidification 
and intracellular degradation that are often the 
fate of less fortunate internalized organisms. It is 
not entirely clear how chlamydiae interfere with 
lysosomal fusion, but this inhibition is most likely 
a combination of specifying a fusion-deficient 
segment of the host cell membrane during entry, 
followed by active modification of the vesicle 
membrane as EB-to-RB differentiation begins. 
Differentiation of EB into RB occurs soon after 
entry. Genome sequence analysis reveals that 
chlamydiae have genes that code at least one and 
perhaps several two-component signaling sys- 
tems. It is not known whether this regulatory 
mechanism is responsible for recognizing the 
new intracellular environment and initiating 
expression of a differentiation regulon, although 
a strategy such as this would be eminently 
reasonable. 

The differentiation from EB to RB is accom- 
panied by an entire repertoire of biochemical 
and morphologic changes. The RB is much larger 
than the EB. The small, dense EB is character- 
ized by a rigid outer layer. The structural integ- 
rity of the EB is maintained via extensive inter- 
protein disulfide bonds. Several chlamydial 
outer-membrane complex proteins are rich in 
cysteine, and there is evidence to suggest that 
cross-linking of these proteins provides EB 
structural integrity. The key outer-membrane 
complex proteins and their functions are shown 
in Table 2. The outer-membrane complex of RB 
is not extensively cross-linked, and this form of 
the organism is osmotically unstable once 
removed from the protection of the intracellular 
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vesicle. The chlamydial genome is compacted in 
EB. This is facilitated by the presence of histone- 
like proteins that bind to the DNA and cause it 
to form a tightly condensed, space-filling aggre- 
gate in the EB. One of the most noticeable mor- 
phologic changes that accompany EB-to-RB 
differentiation is the relaxation of the chlamydial 
DNA. This occurs in synchrony with the disap- 
pearance of the histone-like proteins, the 
appearance of mRNA transcripts, and a dramatic 
increase in the number of ribosomes present per 
cell. Fully differentiated RB are capable of 
genome replication, growth and division despite 
the apparent absence of at least one essential 
prokaryotic cell division gene (ftsZ) that is con- 
served in all other bacteria that have been exam- 
ined thus far. Other oddities are associated with 
the basic elements of chlamydial growth, replica- 
tion and metabolism. For example, peptidogly- 
can is not present in purified EB populations, yet 
genomic data indicate that the full complement 
of peptidoglycan biosynthetic genes are present 
in chlamydiae. Does this mean that a nonfunc- 
tional group of genes continues to be lugged 
around by these organisms? Is it possible that the 
peptidoglycan is present, but in such small quan- 
tities that it cannot be identified? Is peptidogly- 
can produced, but only during a restricted 
portion of intracellular development and then 
discarded somehow as RB mature into EB? How 
can all of this be explained in the context of the 
unusual effects that p-lactam antibiotics have on 
chlamydiae? It is known that sufficient penicillin 
penetrates into the infected host cell to affect 
chlamydiae in a way that interferes with cell divi- 
sion and results in the production of enlarged 
aberrant forms of the organism (Fig. 1 G). Radi- 
olabeled penicillin, when added to chlamydial- 
infected host cells, binds to penicillin-binding 
proteins. These penicillin-binding proteins (PBP) 
presumably are transpeptidases, suggesting that 
alanyl-alanine peptide bonds are exchanged for 
peptide cross-linkages, but it is not clear what the 
putative peptides are bound to and how this 
relates to chlamydial cell wall structure. It is 
clear, however, that chlamydiae treated in this 
way are able to survive and resume normal 
growth after the penicillin is removed. 

The growing population of intracellular RBs 
remains sequestered within the confines of a 
membrane-bound vesicle for their entire intrac- 
ellular existence. This vesicle is termed “an inclu- 
sion,” and as the number of chlamydiae within 
increases, a microcolony containing up to 103 
organisms develops. The RBs do more than just 
replicate within the inclusion. There is evidence 
that they also influence host cell function in a 
variety of ways. First, fully differentiated RBs 
appear to line up against the luminal side of the 
inclusion membrane. Chlamydiae are known to 



have the genes responsible for the production 
and assembly of a type III secretion system, and 
it is tempting to speculate that this system may 
be active during this phase of intracellular devel- 
opment. It is clear that at least three chlamydial 
proteins (termed “IncA,” “IncB” and “IncC”) 
are secreted by chlamydiae and are found in the 
inclusion membrane. The identified Inc proteins 
may actually be representative of a larger family 
of potentially secreted/inclusion-specific proteins 
that share a common hydrophobic structural 
motif. It is not clear whether any Inc proteins are 
chaperoned from the chlamydial cytosol through 
a secretory apparatus, but it is known that when 
chlamydial IncA is cloned and expressed in 
Shigella, it is secreted via the Shigella type III 
secretion system in the absence of any chlamy- 
dial accessory proteins. 

Chlamydia also is thought to secrete a 
proteosome-like apparatus that selectively 
degrades proteins in the host cell cytoplasm. 
For example, chlamydiae interfere with surface 
expression of both major histocompatibility 
complex (MHC) class I and MHC class II mole- 
cules. This inhibition is thought to be due to 
selective degradation of these molecules by the 
chlamydial proteosome. This may serve to render 
infected cells less visible to the immune system, 
although an undeniably robust immune response 
is generated as a result of a chlamydial infection. 
Details regarding the composition of the chlamy- 
dial proteosome are not known, nor is it known 
whether other host cell proteins are affected by 
the chlamydial proteosome or whether other 
secreted proteases are produced by chlamydiae. 
There is evidence that a group of unidentified 
host cell proteins are phosphorylated early in the 
course of the intracellular infectious cycle. Con- 
tinued work in this area will reveal whether 
chlamydial gene products are involved in this 
interesting host cell alteration and what effect 
these modifications have on host cell function. 
Identification of a chlamydial type III secretion 
system has provided a stimulus for identifying 
and studying additional chlamydial proteins 
secreted directly into the host cell cytoplasm. 
Exploitation of this system should provide valu- 
able new insight on subcellular interactions 
between chlamydiae and their host cells during 
the course of the intracellular growth cycle. 

There are other avenues of communication 
between chlamydiae sequestered within the 
inclusion vesicle and the infected host cell. It is 
known that the chlamydial inclusion can fuse 
with secretory trafficking vesicles in ways that 
allow sphingomyelins to be modified to ceram- 
ides and incorporated into chlamydial mem- 
branes. There also is some evidence that 
chlamydial inclusions and mitochondria exhibit 
contact-type interactions. Ultrastructural evi- 
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dence suggests that this contact results in mito- 
chondrial degradation with the suggestion that 
chlamydiae benefit energetically from this 
association. 

Chlamydial Pathogenesis 

In humans, three species account for the majority 
of chlamydial infections, and these infections 
lead to disease in a range of organ systems. 
Chlamydia psittaci is transmitted by contact with 
birds and causes psittacosis, a severe pneumonia 
often with systemic manifestations. Chlamydia 
trachomatis is transmitted by direct human-to- 
human contact to cause disease in the eye 
(trachoma and inclusion conjunctivitis), lung 
(neonatal pneumonia), or urogenital system 
(cervicitis, urethritis, salpingitis and pelvic 
inflammatory disease). Chlamydia pneumoniae 
is transmitted by airborne droplets to infect the 
respiratory tract (pharyngitis, bronchitis, com- 
munity-acquired atypical pneumonia, and possi- 
bly adult-onset asthma); subsequently, it gains 
access to the vasculature and may infect the 
cardiovascular system, which contributes to 
atherosclerosis. 

Many human diseases caused by bacteria 
result from tissue damage that occurs from rep- 
lication of the organism or direct toxic effects of 
bacterial products. Chlamydiae also cause 
pathology through these means, but in addition, 
chlamydial pathogenesis involves tissue damage 
resulting from immune responses to chlamydial 
products (Ward, 1995). Chronic or repeated 
infection leads to increasingly severe chlamydial 
disease mediated by specific virulence determi- 
nants. In particular, the 57-kDa chlamydial 
heat shock protein, Hsp60, appears to be a key 
immunomodulator in chlamydial pathogenesis 
(LaVerda et al., 1999). Strong antibody 
responses to the protein have been associated 
with blinding trachoma, as well as tubal scarring 
and pelvic inflammatory disease, and it is possi- 
ble that cross-reactivity of chlamydial Hsp60 to 
human heat shock proteins leads to immune- 
mediated pathology. In addition, chlamydial 
Hsp60 can induce inflammatory cascades to 
directly cause inflammation. For example, 
chlamydial Hsp60 can activate mononuclear 
phagocytes to secrete inflammatory cytokines, 
such as TNF-a, IL-1 and IL-6. Thus, Hsp60 may 
be involved in chlamydial pathogenesis in two 
ways: first by direct antigenic stimulation and 
second by activation of cells to induce local 
inflammatory reactions. 

Another chlamydial virulence determinant 
likely involved in pathogenesis is the atypical 
genus-specific lipopolysaccharide (LPS). 
Chlamydial LPS is unique in that it has a pentaa- 



cyl lipid moiety rather than the hexaacyl moiety 
observed in typical lipopolysaccharides of Enter- 
obacteriaceae (Kosma, 1999). Structure-function 
studies predict that this difference should cause 
chlamydial LPS to be only 1% as active as con- 
ventional lipopolysaccharides, although different 
chlamydial strains may produce distinct LPS 
molecules with greater or lesser amounts of 
activity and this is the case when TNF-a secre- 
tion is assessed from whole blood ex vivo. It has 
been proposed that the relatively weaker activity 
of chlamydial LPS results in maintenance of a 
low-grade, chronic inflammation characteristic 
of chlamydial infections. Recent work suggests 
that chlamydial Hsp60 and LPS share similar sig- 
naling pathways to trigger host cell activation, 
but further work is necessary to solidify this 
hypothesis. 

Immunity to chlamydial infection remains 
incompletely understood. Natural infection con- 
fers little immunity to reinfection, and reinfec- 
tion leads to increasing severity of disease. The 
protection that is conferred is short-lived, and 
vaccination studies have not shown long-lasting 
protection against productive infection. Both 
humoral and cell-mediated immune responses 
are elicited and likely necessary to control infec- 
tion. Antibody response to the major outer- 
membrane protein (MOMP) can neutralize 
infection in animal models, but it is unclear 
whether humoral immunity is critical to control 
infection in humans. Cellular immunity is char- 
acterized by CD4 and CDS responses. Available 
evidence supports an important role for CD4 
cells in controlling infection, but both CD4 and 
CDS T-cell restricted mechanisms likely play a 
role during specific stages of infection. 

Chlamydiae as Human Pathogens 

The following discussion focuses on the human 
diseases caused or associated with C. psittaci, C. 
trachomatis and C. pneumoniae (Table from 
Peeling et al.). The discussion is organized into 
organ systems to underscore the heterogeneity 
in chlamydial diseases. The intent of this discus- 
sion is not to replace excellent recent reviews 
(see Literature Cited) that detail chlamydial 
infections, but rather to emphasize putative 
pathogenic mechanisms common to all chlamy- 
diae and outline differences between chlamydial 
diseases. 

Chlamydia psittaci 

Chlamydia psittaci is the causative agent of 
human psittacosis, an atypical pneumonia that 
leads to death in 30% of cases if left untreated 
and infection becomes systemic (Gregory et al.. 
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1997). Psittacosis is a zoonosis; 5-8% of birds are 
carriers and most humans are infected chiefly by 
respiring aerosol droplets from infected animals. 
Chlamydia psittaci has been shown to infect 
approximately 130 different bird species, but 
interestingly, psittacosis is particularly fulminant 
if acquired from turkeys and parrots. Accord- 
ingly, psittacosis remains a significant health 
threat mainly to certain professionals such as 
abattoir-workers and veterinarians. 

The organism enters the respiratory tract 
within aerosol droplets and infects the respira- 
tory epithelium, where it establishes a niche for 
one to three weeks before onset of symptoms. 
The infected individual often presents with 
symptoms of atypical pneumonia such as cough, 
fever, and chest soreness, and physical examina- 
tion shows fever, rales and hepatomegaly in over 
50% of patients. The latter sign highlights the 
capacity of C. psittaci to spread from the respira- 
tory system to other organ systems. Indeed, the 
organism has been isolated from placentae fol- 
lowing miscarriage, as well as detected from the 
liver and spleen in psittacosis models of infec- 
tion. Although the exact mechanism of dissemi- 
nation is not clear, mononuclear phagocytes may 
be the transport vehicle as evidenced by the abil- 
ity of C. psittaci to infect and survive (but not 
multiply) within human, murine and pig alveolar 
macrophages. Also not clear is whether strains 
isolated from turkeys or parrots have a higher 
capacity to disseminate, given that psittacosis 
acquired from these birds tends to be more ful- 
minant. Regardless of the involved mechanisms, 
disseminated psittacosis involves multiple 
organs, and neurological and gastrointestinal 
symptoms such as headache, malaise, vomiting, 
diarrhea or constipation, and nausea are com- 
mon. If untreated, psitticosis may result in car- 
diac, hepatobiliary, neurologic and endocrine 
involvement with fatal consequences. 

Diagnosis of psittacosis currently is most com- 
monly based on clinical stigmata combined with 
the complement-fixation assay. However, anti- 
gen detection methods, such as enzyme immu- 
noassay and molecular methods, such as the 
polymerase chain reaction (PCR), provide more 
sensitive and specific methods of diagnosis 
(Stephens et al., 1998; Shachter, 1997; Tuuminen, 
2000; Mardh, 2000). Treatment with antichlamy- 
dial antibiotics, such as tetracycline or doxycy- 
cline, reduces mortality below 1%. Reinfection 
following recovery has been documented and 
there is no evidence of lasting immunity. 

Chlamydia trachomatis 

While C. psittaci establishes infection in the lung, 
C. trachomatis has the capacity to infect a range 
of organ systems. In the eye, C. trachomatis infec- 



tion leads to multiple diseases including tra- 
choma, the world’s chief cause of infectious 
blindness (Mabey and Bailey, 1999). In the lung, 
the organism is responsible for pneumonia in 
both infants and adults. In the urogenital tract, 
the organism is the most common sexually trans- 
mitted bacterium that leads to salpingitis and 
pelvic inflammatory disease (PID), principal 
causes of infertility in the United States 
(Guaschino and De Seta, 2000; Robinson and 
Ridgway, 2000; Stamm, 1999). In addition, C. tra- 
chomatis can affect the rheumatological and lym- 
phatic systems with diseases such as Reiter’s 
syndrome and lymphogranuloma venereum 
(Inman et al., 2000; Schumacher, 2000). 

Chlamydia trachomatis is grouped into three 
biovars, which in turn include multiple serovars 
based on serological reactivity to the organism’s 
MOMP (Table). The trachoma biovar is associ- 
ated with oculogenital disease and contains sero- 
vars A, B, Ba, C and D-K. Serovars A, B, Ba and 
C cause trachoma, and B, Ba, and D-K most 
often lead to sexually transmitted disease (STD) 
and inclusion conjunctivitis. However, serovars 
B and Ba have been isolated from the genital 
tract, suggesting that at least some serovars do 
not exhibit tissue specificity. The LGV biovar is 
composed of serovars LI, L2 and L3, which 
cause lymphogranuloma venereum. This sexu- 
ally transmitted, lymphatic disease is very rare 
outside of endemic areas in Southeast Asia, 
South America, and Africa. The third C. tra- 
chomatis biovar is named “mouse pneumonitis” 
and is not associated with human disease. 

Ocular Disease Chlamydia trachomatis is the 
most common cause of chronic follicular con- 
junctivitis, defined as follicular conjunctival 
inflammation lasting for more than 16 days. 
Chlamydia trachomatis chronic follicular con- 
junctivitis is separated into three clinical syn- 
dromes: neonatal conjunctivitis (ophthalmia 
neonatorum), adult inclusion conjunctivitis 
(paratrachoma) and trachoma. 

Neonatal Conjunctivitis. In the United States, 
C. trachomatis is the most common cause of neo- 
natal conjunctivitis, defined as conjunctivitis that 
occurs within the first four weeks of life. The 
newborn acquires the organism from the female 
genital tract during delivery. It is estimated that 
infants born to untreated, infected mothers have 
a 40% chance of developing neonatal conjunc- 
tivitis and 20% chance of developing neonatal 
pneumonia. It therefore is imperative to screen 
high-risk pregnant populations for C. trachoma- 
tis genital tract infection and treat high-risk new- 
borns with topical antichlamydial antibiotics 
shortly after delivery. 

Typically, the neonate develops a watery dis- 
charge within two weeks of delivery. The dis- 
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charge may become mucopurulent and a 
pseudomembrane over the conjunctiva may 
form, but often the infection is mild and self- 
limited. However, if the infection is severe and 
untreated, conjunctival and corneal scarring may 
ensue with vision-threatening sequelae. The dis- 
ease can be diagnosed with a variety of tests, the 
most useful being an immunofluorescent mono- 
clonal antibody stain of conjunctival smears 
(100% sensitivity, 94% specificity for Chlamy- 
dia). Treatment often can precede diagnosis if 
the mother is a high-risk individual, considering 
topical tetracycline or erythromycin ointment 
applied within one hour of delivery essentially 
prevents chlamydial conjunctivitis. However, if 
the disease manifests, treatment with topical 
antibiotics alone may not be sufficient to eradi- 
cate the organism; furthermore, C. trachomatis 
that may have colonized the respiratory tract 
must be eliminated to prevent neonatal pneumo- 
nia. Therefore, in addition to topical antibiotics, 
a two-week course of oral erythromycin syrup is 
recommended in infants with chlamydial con- 
junctivitis, with re-treatment if symptoms and 
signs have not resolved. 

Adult Inclusion Conjunctivitis. The route of 
transmission for neonatal conjunctivitis under- 
scores the capacity of C. trachomatis to infect the 
genital tract as well as conjunctiva. Therefore, 
when the organism is transmitted from the adult 
genital tract to the adult eye, it is not surprising 
that a chronic follicular conjunctivitis results 
with similar characteristics to neonatal conjunc- 
tivitis. This form of conjunctivitis is termed “adult 
follicular conjunctivitis,” previously known as 
“paratrachoma.” It is estimated that half of all 
individuals with adult inclusion conjunctivitis 
also have C. trachomatis infection of their genital 
tract, but that <1% of those with genital tract 
infection develop conjunctivitis. 

The disease manifests within two weeks of 
exposure. Patients often present mucopurulent 
discharge, hyperemia, photophobia, and foreign 
body sensation in one eye. If infection does not 
resolve, a chronic follicular conjunctivitis ensues, 
characterized by lymphoid follicle formation. 
Such follicles are rich in mononuclear phago- 
cytes, as well as lymphocytes, and characterize 
initiation of chronic inflammation. If untreated, 
the disease progresses to resemble early tra- 
choma, with pannus formation, papillary hyper- 
trophy, and diffuse punctate keratitis. Corneal 
scarring may ensue and threaten vision; how- 
ever, unlike trachoma, adult inclusion conjunc- 
tivitis often resolves without severe sequelae. 

Diagnosis can be made from conjunctival 
swabs by a variety of methods, including Giemsa 
staining, immunofluorescent staining, or isola- 
tion. Direct immunofluorescent staining with 
monoclonal antibody has a high sensitivity and 



specificity for diagnosis. Treatment is with oral 
antibiotics, preferably with macrolides or 
derivatives. 

Trachoma. The leading infectious blindness, 
this disease is also the third most common blind- 
ing disease in the world (figure from the World 
Health Organization). Worldwide, approxi- 
mately 6 million people are blind secondary to 
trachoma, 150 million people exhibit active dis- 
ease, and 500 million are infected. Blinding tra- 
choma is endemic in many third world countries 
within Africa, the Middle East, Southeast Asia, 
and South America and was widely prevalent 
elsewhere but regressed in Europe and North 
America in part owing to improved living stan- 
dards. The disease is well responsive to antibiotic 
treatment, and a World Health Organization 
(WHO) initiative aims to combine antibiotic 
treatment with surgery, hygiene education, and 
environmental improvements to eradicate tra- 
choma by the year 2020. 

Trachoma is a chronic, infectious, follicular 
keratoconjunctivitis that initially only involves 
the conjunctiva, but progresses to affect the eye- 
lashes, lids and ultimately the cornea. Involve- 
ment of the latter eventually leads to corneal 
scarring and vision loss. Children are the primary 
reservoir of infection. Chlamydia trachomatis is 
transmitted chiefly by hand-to-eye contact, 
although vector transmission by flies also is pos- 
sible. The organism establishes infection in the 
conjunctiva and initiates a chronic inflammation. 
This is characterized by lymphoid follicles, ger- 
minal centers of lymphocytes, and mononuclear 
phagocytes, and underscores the inflammatory 
nature of disease. The lymphoid follicles are sur- 
rounded by hyperemic tissue and appear grossly 
as papillary hypertrophy. If infection is treated at 
this point, the inflammation may subside with 
resolution of disease. However, continued 
conjunctival inflammation leads to conjunctival 
scarring with subsequent entropion (inward 
distortion of lids) with or without trichiasis 
(inwardly turned eyelashes). The latter irritates 
the cornea, and chronic corneal insult leads to 
ulceration and corneal opacity. Corneal damage 
leads to decrease in visual acuity, and enough 
damage may ensue to cause complete blindness. 
A simplified grading scheme has been adopted 
by the WHO and highlights progression of the 
disease. This grading scheme replaces an old clas- 
sification system created by MacCallan to obtain 
accurate documentation during treatment trials. 

Community risk factors for the development 
of trachoma include poverty, crowding, and 
unavailability of safe water for household use. 
Treatment for trachoma is based on the “SAFE” 
protocol that considers many of these important 
risk factors. Adopted by the WHO to eradicate 
trachoma by 2020, SAFE is composed of four 
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arms of treatment. They are: 1) Surgery to treat 
entropion and trichiasis; 2) Antibiotic treatment 
of entire communities with azithromycin or top- 
ical oxytetracycline to treat infection, as well as 
to lower transmission rates; 3) Face washing to 
improve personal hygiene; and 4) Environmen- 
tal measures to improve community hygiene, 
such as providing safe water and adequate dis- 
posal of feces. Antibiotic treatment is perhaps 
the critical arm of the SAFE protocol because 
treatment of entire communities reduces pre- 
valence of infection as well as re-emergent 
infection. However, antibiotic treatment is not 
sufficient for long-term control of trachomatous 
blindness, and surgery (where indicated), per- 
sonal hygiene, and environmental improvements 
also must be available to eradicate the disease by 
2020. 

Respiratory Disease Chlamydia trachomatis can 
infect the respiratory tract and cause pneumonia 
in both the adult and infant. However, C. tra- 
chomatis adult pneumonia is exceedingly rare 
and documented cases only have been reported 
in laboratory workers inhaling large doses of the 
pathogen and in severely immunocompromised 
individuals. In contrast, C. trachomatis infant 
pneumonia is relatively common when the 
pathogen is transmitted from the genital tract of 
the infected mother to the newborn during deliv- 
ery. The latter pneumonia often is mild and asso- 
ciated with neonatal conjunctivitis. 

Chlamydia trachomatis infant pneumonia was 
first identified by Beem and Saxon, who detected 
the pathogen in approximately 90% of infants 
with mild pneumonia. These individuals 
remained afebrile but had chronic, diffuse lung 
involvement associated with high serum anti-C. 
trachomatis IgG and IgM. Prospective studies 
that followed show that 16-28% of infants born 
to infected mothers develop pneumonia, with a 
1-5% prevalence of disease in a range of com- 
munities. The pathogen can infect a range of tis- 
sues in the neonate including the conjunctiva, 
respiratory tract, gastrointestinal tract, and 
vagina. Therefore, neonatal disease may mani- 
fest first in the conjunctiva and then in the respi- 
ratory tract because half of infants with C. 
trachomatis pneumonia also have had neonatal 
conjunctivitis. As with neonatal conjunctivitis, it 
is possible to prevent neonatal pneumonia by 
adequately identifying and then treating mothers 
with the STD prior to delivery. 

Incubation time for infant pneumonia is 
approximately eight weeks, slightly longer than 
for neonatal conjunctivitis. Infants often present 
with a staccato cough, tachypnea and nasal dis- 
charge. However, patients usually are afebrile. 
Radiology is nonspecific with interstitial infil- 
trates and bilateral hyperexpansion; there is no 



pleural effusion and lobar consolidation. Most 
C. trachomatis infant pneumonia is mild and 
resolves even if not treated, but very young 
infants or immunocompromised children may 
develop significant disease. Complications are 
rare and most cases resolve spontaneously. Inter- 
estingly, an association exists between C. tra- 
chomatis infant pneumonia and obstructive 
airway disease later in life, but causality has not 
been determined. Disease can be diagnosed by 
culture, immunofluorescent staining or nucleic 
acid detection of sputum specimens. Macrolides 
are the mainstay of therapy. 



Urogenital Disease The hallmark of C. tra- 
chomatis genital tract infections is their chronic- 
ity and persistence. These characteristics lead to 
human infections that often are asymptomatic or 
only mildly symptomatic, which may lead to 
severe scarring and infertility in women before 
the patient seeks medical attention. In addition. 
Chlamydia trachomatis is the most common sex- 
ually transmitted bacterial pathogen in the 
United States, with approximately 4-5 million 
new cases occurring annually. The combination 
of silent disease and frequency of infection 
makes chlamydial disease a serious health con- 
cern in the United States. Indeed, C. trachomatis 
genital tract disease leads to over 25,000 cases of 
involuntary infertility in females each year. In 
addition, sequelae of infection are the second 
most costly outcome of any STD, costing an esti- 
mated 4 billion dollars each year in health care 
costs. 

Chlamydia trachomatis STD is transmitted 
from humans to humans by direct genital con- 
tact. The probability of transmission from an 
individual encounter is between 30 and 70%, 
where the higher estimates are based on sensi- 
tive nucleic acid amplification tests. Risk factors 
for C. trachomatis STD vary among study popu- 
lations but often include younger age, unmarried 
status, low socioeconomic use, and use of oral 
contraceptives. Similar to other STDs, C. tra- 
chomatis STD is most prevalent for individuals 
in their late teens and early twenties. 

In men, the pathogen enters the distal urogen- 
ital tract and infects urethral epithelium. A large 
portion of infected men remain asymptomatic, 
but those who do manifest disease present with 
symptoms within 1-2 weeks. Patients complain 
of dysuria and often a nonpurulent, clear-to- 
white penile discharge. Effective treatment for 
symptomatic men is available with a variety of 
antibiotics; however, mildly symptomatic or 
asymptomatic men may not seek medical atten- 
tion and therefore develop epididymitis, procti- 
tis, sexually reactive arthritis, or unknowingly 
transmit the organism to women. 
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In women, the bacterium causes a continuum 
of inflammatory diseases as it ascends the genital 
tract. Chlamydia trachomatis first establishes 
infection within the transitional epithelium of 
the cervix. Those individuals who become symp- 
tomatic often present with vaginal discharge and 
bleeding, mild abdominal pain, and dysuria. 
Treatment of these patients with antichlamydial 
antibiotics is effective and prevents sequelae. 
However, 70-90% of endocervical infections are 
asymptomatic or only mildly symptomatic, and 
most infected women do not present for medical 
treatment. The result is persistent infection that 
ascends by intraluminal spread up the genital 
tract. Thus, untreated endocervical infection 
leads to pelvic inflammatory disease (PID), 
defined as ascending infection progressing to 
endometritis (inflammation of the uterine 
endometrium), salpingitis (inflammation of the 
fallopian tubes), and pelvic peritonitis. Chlamy- 
dia trachomatis and Neisseria gonorrhoeae 
account for 65-85% of PID cases in the Unites 
States. In general, N. gonorrhoeae is recovered 
twice as frequently as C. trachomatis from PID 
patients, and detection of concurrent infection 
also is common. Furthermore, compared with N. 
gonorrhoeae, C. trachomatis urogenital infection 
generally follows a more indolent course. 

Approximately half of all untreated C. tra- 
chomatis cervical infection leads to endometritis. 
Elementary bodies released from lysed cervical 
cells initiate infection of healthy epithelium prox- 
imal to the cervix, allowing the organisms to 
ascend the genital tract by repetitive cycles of 
epithelial cell infection and lysis. Patients with 
endometritis may present with abnormal men- 
strual bleeding and be found to have uterine ten- 
derness and leukocytosis. Often, however, other 
symptoms and signs of endometritis including 
abdominal pain, fever and adnexal tenderness are 
not present, consistent with silent disease caused 
by C. trachomatis. The subclinical or minimally 
symptomatic disease persists, causing low-grade 
inflammation and tissue damage over months. 

Untreated endometrial C. trachomatis infec- 
tion ascends by intracanalicular spread up the 
genital tract to infect and inflame the fallopian 
tubes. The resulting salpingitis may manifest as 
bilateral lower abdominal and pelvic pain, but 
subclinical disease is more common with C. tra- 
chomatis PID. The fallopian tube infection may 
persist for months and cause peritubular scar- 
ring. Experimental data from lower primates 
suggest that women who become repeatedly 
infected develop more intense tubular scarring. 
Salpingitis, if untreated, leads to severe damage 
to the fallopian tubes with subsequent infertility 
or ectopic pregnancy. 

Untreated C. trachomatis salpingitis may fur- 
ther ascend into the peritoneal cavity and cause 



perihepatitis and periappendicitis. The former, 
also known as “Fitz-Hugh-Curtis syndrome,” is 
characterized by inflammation of the liver cap- 
sule. Chlamydia trachomatis perihepatitis usually 
is asymptomatic, but 3-10% of PID patients 
have cholecystitis-type symptoms such as fever 
and right, upper-quadrant abdominal pain. Such 
patients undergo laparoscopy and laparoscopic 
cholecystectomy, where advanced perihepatitis is 
seen as impressive “violin-string” adhesions 
between the liver capsule and visceral perito- 
neum. Periappendicitis, or inflammation of the 
appendiceal serosa and intestinal mucosa, is a 
less likely complication but also has been associ- 
ated with chlamydial PID. 

Advances in nucleic acid amplification have 
made available highly sensitive and specific tests 
for the diagnosis of chlamydial STD. The ligase 
chain reaction (LCR) and polymerase chain 
reaction (PCR) have become widely available 
and are more sensitive, yet still highly specific, 
when compared with culture. These technologies 
can be used to detect chlamydial nucleic acid 
from urine or vaginal swabs and are preferable 
to older methods (culture, direct fluorescent 
antibody, and EIA) for the diagnosis of C. tra- 
chomatis STD. 

Treatment with a 7-14 day course of tetracy- 
clines and macrolides is highly effective, and 
resistance to anti-chlamydial antibiotics has not 
developed in a clinical setting. It is important 
to treat the infection with at least 7 days of 
the aforementioned antibiotics to eradicate the 
organism. This prolonged treatment is explained 
in part by the biphasic life cycle of Chlamydia, 
where the extracellular EBs are metabolically 
inert and intracellular RBs are relatively seques- 
tered within inclusions in host cells. Noncompli- 
ance or shorter duration of treatment may result 
in ineffective clearance, persistence of the organ- 
ism, and development of sequelae. An alterna- 
tive to tetracyclines and older macrolides is the 
newer azolide azithromycin, which remains 
within the intracellular environment consider- 
ably longer than traditional antichlamydial anti- 
biotics. Thus, a single 1-g dose of azithromycin is 
equally efficacious as a 7-day course of doxycy- 
cline in the treatment of chlamydial cervicitis. 
Cost-effectiveness analyses demonstrate that 
azithromycin therapy leads to an overall reduc- 
tion in morbidity and cost despite higher pro- 
curement prices for the medication. 

Prevention of chlamydial STD especially is 
important given that most infections are asymp- 
tomatic and yet lead to silent disease and infer- 
tility. Universal screening is prohibitively costly 
in low-prevalence populations. Practical preven- 
tion strategies are aimed at screening of high-risk 
populations. Such groups often are defined as 
adolescent individuals with multiple, new, or 



CHAPTER 7.1 



The Genus Chlamydia — Medical 751 



symptomatic partners that rarely or inconsis- 
tently use barrier contraception. Both universal 
and selective screening methods are effective in 
reducing the prevalence of C trachomatis infec- 
tion. For example, in the Pacific Northwest, prev- 
alence of C. trachomatis infection declined from 
10-12% to 3-5% within 8 years after screening 
young women attending all family planning clin- 
ics in the region. In addition, selective screening 
of women demonstrated a significant reduction 
in subsequent symptomatic PID (odds ratio 0.44, 
95% confidence interval 0.2-0.9). These data 
clearly suggest that wide implementation of 
selective screening will curb chlamydial STD in 
the United States and reduce severe sequelae 
such as PID, infectious infertility, and ectopic 
pregnancy. 

Rheumatological Disease Reactive arthritis is 
a systemic inflammatory condition that develops 
after infection of a distant site. The disease is 
commonly referred to as Reiter’s syndrome after 
Hans Reiter (1881-1969), who in 1916 described 
a patient who presented with arthritis, urethritis 
and conjunctivitis. This condition is an uncom- 
mon, systemic complication of certain sexually 
or enterically transmitted infections, including C. 
trachomatis STD. 

Approximately 1-3% of patients with urethri- 
tis develop Reiter’s, and C. trachomatis can be 
isolated from the urethra of two-thirds of 
patients who present with Reiter’s syndrome in 
the absence of diarrhea. The disease is much 
more common in men compared with women. In 
addition, there is a strong association between 
HLA-B27 and Reiter’s syndrome. Four-fifths of 
Reiter’s patients are HLA-B27 positive, suggest- 
ing that chlamydial antigens cross-react with self- 
antigens to induce an exaggerated immune 
response distant from the site of infection. It also 
is conceivable that such molecular mimicry pre- 
vents control of infection and leads to dissemi- 
nation of the pathogen and joint seeding. 

Reiter’s syndrome is a spondylarthropathy 
characterized primarily by lower extremity oli- 
goarthritis after urethritis or cervicitis. Patients 
present one to three weeks following an episode 
of urethritis or cervicitis. Musculoskeletal dis- 
eases include arthritis, enthesopathy (inflamma- 
tion of the tendons and ligaments), and 
sacroiliitis. Ocular disease manifests as conjunc- 
tivitis in self-limited Reiter’s or anterior uveitis 
in established, chronic disease. Mucocutaneous 
diseases are characterized by painless oral ulcers 
or erythematous erosion of the glans penis. Car- 
diovascular disease is rare and may manifest 
early as pericardial rubs or late as aortitis. 

Diagnosis is difficult because symptoms occur 
serially over a long period rather than simulta- 
neously. Chlamydia trachomatis most likely 



establishes persistent infection at the inflamma- 
tory site inasmuch as chlamydial protein and 
DNA can be identified at inflamed joints from 
Reiter’s patients. In addition, chlamydial mRNA 
is detected in synovial biopsies, suggesting active 
chlamydial infection. These mRNA transcripts 
are specific for the inflammatory heat shock 
protein 60 (chsp60) but not the major outer- 
membrane protein (ompl), consistent with per- 
sistent chlamydial infection. Treatment is aimed 
at reducing inflammation with nonsteroidal anti- 
inflammatory drugs (NSAIDs) and eradicating 
infection with antibiotics. Sixty to 80% of first- 
time Reiter’s patients develop chronic disease, 
and as many as a quarter of patients become 
functionally disabled as a result of their illness. 

Lymphatic Disease The LGV biovar of C. tra- 
chomatis causes lymphogranuloma venerum, a 
sexually transmitted disease that affects the lym- 
phatic system. The disease is endemic only in 
limited regions in India, Southeast Asia, and 
South America, occurring sporadically else- 
where. The infected individual presents with 
symptoms within one month of infection, and the 
disease progresses in three stages. In the first 
stage, the patient develops a painless, asymptom- 
atic papule on the rectal or genital mucosa. If 
untreated, the infection gains access to the lym- 
phatic system within weeks. Patients develop 
inguinal or femoral lymphadenopathy, which are 
distinct and painful. Infection may spread to 
adjacent tissue and form a bubo, which then may 
burst spontaneously to form an abscess or sinus 
tract. Spread of infection is associated with 
development of systemic symptoms and signs 
including fever and myalgias; the organism may 
gain access to cerebrospinal fluid and cause stig- 
mata of meningitis. The disease then progresses 
to the final stage, where the granulomatous 
inflammation leads to ulceration of genital 
mucosa and obstruction of the lymphatics. The 
latter sequela is characterized by elephantiasis of 
genitalia. Diagnosis can be made clinically, sero- 
logically and by detecting the pathogen in dis- 
eased tissue. Treatment is with antichlamydial 
antibiotics and draining abscesses to eradicate 
the site of infection. 

Chlamydia pneumoniae 

Isolated first in 1965, C. pneumoniae was 
thought to be an unusual C. psittaci strain. 
Saikku and Grayston made the first association 
between the pathogen and respiratory disease in 
1986, and the organism was speciated in 1989 as 
a leading cause of community-acquired atypical 
pneumonia (Saikku et al., 1988). Twelve years 
after speciation, C. pneumoniae now stands asso- 
ciated with a spectrum of chronic diseases rang- 
ing from atherosclerosis (Grayston, 2000) to 
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adult-onset asthma (Hahn et al, 1991). Its broad 
association with diseases in multiple organ- 
systems underscores the pathogen’s capacity to 
infect a variety of host cell types. For example, 
whereas C. trachomatis is limited to productive 
infection within epithelial cells and fibroblasts, 
C. pneumoniae is capable of infecting and multi- 
plying within epithelial, endothelial and smooth 
muscle cells in addition to fibroblasts and 
macrophages. 

Chlamydia pneumoniae probably is a strictly 
human pathogen that is transmitted by respira- 
tory droplets. It therefore initially accesses the 
body through the respiratory system. Upper res- 
piratory infection leads to subclinical disease or 
pharyngitis, sinusitis or bronchitis. Transmission 
into the lower respiratory tract is followed by 
productive infection of alveolar macrophages 
and subsequent development of community- 
acquired atypical pneumonia. It is thought that 
the inflammatory response that ensues leads to 
microvascular damage, which enables the patho- 
gen to escape into the vasculature. Monocytes or 
lymphocytes may serve as the vehicle of trans- 
port for the obligate intracellular bacterium. The 
pathogen thus may seed multiple sites within the 
vasculature, including the coronary arteries, 
abdominal aortic aneurysms or carotid bifurca- 
tions to induce or contribute to atherosclerotic 
heart and vessel disease (Muhlestein et al., 1998; 
Campbell et al., 2000). 

Respiratory Disease The epidemiology of 
pneumonias is different between hospitalized 
patients and immunocompetent adults in the 
outpatient setting. While Streptococcus pneumo- 
niae remains the leading cause of pneumonia in 
hospitals, atypical agents such as C. pneumoniae 
and Mycoplasma pneumoniae are very frequent 
causes of community-acquired pneumonias. 
Indeed, C. pneumoniae is identified in 11-36% 
of ambulatory patients diagnosed with pneumo- 
nia and may be the most commonly identified 
pathogen in community- acquired atypical pneu- 
monias. In addition, the organism is encountered 
in 28% of ambulatory pediatric patients diag- 
nosed with atypical pneumonia. 

The clinical course of C. pneumoniae pneumo- 
nia is difficult to distinguish from other atypical 
pneumonias. It often follows a milder clinical 
course than S. pneumoniae pneumonia, and 
therefore infected patients may not seek medical 
attention as frequently. The organism initially is 
delivered into the upper respiratory tract 
through aerosol droplets. Upon infecting the epi- 
thelium, the pathogen incubates for up to 4 
weeks and then initiates a biphasic set of symp- 
toms. The first phase of symptoms includes stig- 
mata of upper respiratory tract infection and 
includes sinusitis, pharyngitis and bronchitis. 



It is likely that these symptoms are the result 
of C. pneumoniae-Qpit\Yo[m\ cell interactions that 
trigger an inflammatory cascade, evidenced by 
expression of IL-8, ICAM-1 and PGE-2 by 
human epithelial cells and subsequent neu- 
trophil migration following C. pneumoniae 
infection. In addition, infection of respiratory 
epithelium induces ciliostasis, which may aid 
transmission of the pathogen from the upper- to 
the lower-respiratory tract. The latter triggers the 
second phase of symptoms. These patients 
present with stigmata of atypical pneumonia, 
characterized by cough, low-grade fever and 
pleuritic pain. A physical examination may 
reveal rales and chest X-rays may show pneu- 
monitis, but neither is specific for C. pneumoniae 
pneumonia. Onset of disease is gradual and the 
course chronic, with reinfection resulting in 
fewer cases of pneumonia. Most C. pneumoniae 
pneumonias resolve without treatment, although 
severe cases do occur, especially in patients with 
chronic obstructive pulmonary disease and in 
immunocompromised individuals. An important 
finding is the high rate of coinfection with other 
organisms, which suggests that the pathogen may 
predispose to pyogenic infections that may 
increase severity of disease. 

Diagnosis of C. pneumoniae respiratory infec- 
tion can be made by a variety of methods. Most 
diagnostic studies make use of the microimmun- 
ofluorescence (MIF) test, which has been useful 
in showing high prevalence of C. pneumoniae in 
community-acquired atypical pneumonia. How- 
ever, cross-reactivity of C. pneumoniae and C. 
trachomatis by MIF makes this test suboptimal 
in diagnosing C. pneumoniae pneumonias in cer- 
tain populations. In addition, different laborato- 
ries define arbitrary criteria for positive tests. 
Alternative diagnostic methods that detect 
chlamydial nucleic acid in sputum samples may 
be preferable but less widely available. Clinically, 
however, a diagnosis is not always necessary 
before effective treatment is begun. Patients that 
present with stigmata of community- acquired 
atypical pneumonia are treated effectively with 
macrolide antibiotics such as azithromycin. 

Pulmonary Associations 

Viral and bacterial infections, including C. pneu- 
moniae, may exacerbate or trigger acute asth- 
matic events in patients with long-standing 
asthma. However, much more controversial is 
the hypothesis that C. pneumoniae may cause 
asthma in certain adults with no previous history 
of asthma. Hahn et al. proposed this hypothesis 
in 1991 when they reported an association 
between acute C. pneumoniae infection and 
adult-onset wheezing, asthmatic bronchitis and 
asthma (Hahn et al., 1991). Various small-scale 
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studies since have examined this hypothesis with 
equivocal results, and a large-scale prospective 
study will be necessary to establish a causal link 
between infection and adult-onset asthma. 

Cardiovascular Associations 

Excellent recent reviews are available on evi- 
dence linking C pneumoniae infection and 
atherosclerotic heart and vessel disease (see 
Literature Cited). Chlamydia pneumoniae, capa- 
ble of infecting all cell types within the athero- 
sclerotic plaque, has been associated with 
coronary artery disease by seroepidemiological 
and pathological studies, experiments performed 
with appropriate animal models, and cell culture 
techniques exploring pathogenic mechanisms. 
Seroepidemiological evidence comes from more 
frequent detection of antibodies to the organism 
in patients with coronary artery disease com- 
pared with a control population. Pathological 
evidence is based on detection of C. pneumoniae 
within atherosclerotic tissue but not normal vas- 
culature. Indeed, the organism is present within 
macrophage foam cells by electron microscopy 
and within endothelial cells, smooth muscle cells 
and macrophages by immunohistochemistry. In 
addition, C. pneumoniae nucleic acid is fre- 
quently recovered from atheroma, and in some 
instances the pathogen has been isolated from 
plaques. Animal model evidence is highlighted 
by experiments by Muhlestein et al., who showed 
that intranasal infection of non-hyperlipidemic 
rabbits with C. pneumoniae led to the develop- 
ment of atherosclerotic changes, whereas mock- 
infection of controls did not. Furthermore, the 
infected rabbits were treated with azithromycin 
and found to undergo regression of atheroscle- 
rosis. Cell culture studies reveal that C. pneumo- 
niae is capable of altering cellular physiology in 
ways that may contribute to atherosclerosis. For 
example, infected cells release chemokines and 
an inflammatory cytokine cascade, induce lipo- 
protein oxidation, and accumulate excess levels 
of lipids, all events strongly linked to the patho- 
genesis of atherosclerosis. 

It is likely that C. pneumoniae at least contrib- 
utes to atherosclerosis and is an emerging risk 
factor, but does the pathogen cause the disease? 
The high prevalence of infection and lack of 
widely available, affordable and speciflc diagnos- 
tic methods in part make it difficult to answer 
this question. Well-designed experiments are 
necessary in seroepidemiological, pathological, 
animal-based, cell culture-based, and treatment- 
based studies. Importantly, this bacterial infec- 
tion potentially is another treatable risk factor 
for atherosclerosis. Indeed, large scale, multi- 
center, randomized, placebo-controlled treat- 
ment trials of patients with coronary artery 



disease are currently underway to elucidate the 
role of antibiotics in atherosclerosis. 

Neurological Associations 

Chlamydia pneumoniae has been associated with 
diseases of the neurological system such as 
Alzheimer’s disease and multiple sclerosis, but 
evidence for these associations remains highly 
controversial. Further work is necessary to 
strengthen these associations and establish C. 
pneumoniae as a risk factor, or etiologic agent, 
in Alzheimer’s disease and multiple sclerosis. 

Literature Cited 

Campbell, L. A., M. Rosenfeld, and C. C Kuo. 2000. The role 
of Chlamydia pneumoniae in atherosclerosis: recent evi- 
dence from animal models. Trends Microbiol. 8:255-257. 
Everett, K. D. 2000. Chlamydia and Chlamydiales: More than 
meets the eye. Vet. Microbiol. 75:109-126. 

Grayston, J. T. 2000. What is needed to prove that Chlamydia 
pneumoniae does, or does not, play an etiologic role in 
atherosclerosis? J. Infect. Dis. 181 (Suppl. 3):S585-S586. 
Gregory, D. W., W. Schaffner, S. R. Hyde, K. Benirschke, 
J. T. Kirchner, J. R. Papp, and P. E. Shewen. 1997. Psit- 
tacosis. Semin. Respir. Infect. 12:7-11. 

Guaschino, S., and K De Seta. 2000. Update on Chlamydia 
trachomatis. Ann. NY Acad. Sci. 900:286-292. 

Hahn, D. L., R. W. Dodge, and R. Golubjatnikov. 1991. Asso- 
ciation of Chlamydia pneumoniae (strain TWAR) infec- 
tion with wheezing, asthmatic bronchitis, and adult- 
onset asthma. JAMA 266:225-230. 

Inman, R. D., J. A. Whittum-Hudson, H. R. Schumacher, and 
A. P. Hudson. 2000. Chlamydia and associated arthritis. 
Curr. Opin. Rheum. 12:254-262. 

Kosma, P. 1999. Chlamydial lipopolysaccharide. Biochim. 
Biophys. Acta 1455:387-402. 

LaVerda, D., M. V. Kalayoglu, and G. L. Byrne. 1999. 
Chlamydial heat shock proteins and disease pathology: 
New paradigms for old problems? Infect. Dis. Obstet. 
Gynecol. 7:64-71. 

Mabey, D., and R. Bailey. 1999. Eradication of trachoma 
worldwide. Br. J. Ophthalmol. 83:1261-1263. 

Mardh, P. A. 2000. Chlamydia screening — yes, but of whom, 
when by whom, and with what? Ann. NY Acad. Sci. 
900:286-292. 

Muhlestein, J. B., J. L. Anderson, E. H. Hammond, L. Zhao, 
S. Trehan, E. P. Schwobe, and J. K Carlquist. 1998. 
Infection with Chlamydia pneumoniae accelerates the 
development of atherosclerosis and treatment with 
azithromycin prevents it in a rabbit model. Circulation 
97:633-636. 

Peeling, R. W., and R. C. Brunham. 1996. Chlamydiae as 
pathogens: New species and new issues. Emerging 
Infect. Dis. 2:307-319. 

Robinson, A. J., and G. L. Ridgway. 2000. Concurrent gono- 
coccal and chlamydial infection: How best to treat. 
Drugs 59:801-813. 

Saikku, P, M. Leinonen, K. Mattila, M. R. Ekman, M. S. 
Nieminen, P. H. Makela, J. K. Huttunen, and V. 
Valtonen. 1988. Serological evidence of an association 
of a novel Chlamydia, TWAR, with chronic coronary 
heart disease and acute myocardial infarction. Lancet 
2:983-986. 



754 M.V. Kalayoglu and G.L Byrne 



CHAPTER 7.1 



Shachter, J. 1997. DFA, EIA, PCR, LCR and other technol- 
ogies: What tests should be used for diagnosis of chlamy- 
dia infections? Immunol. Invest. 26:157-161. 

Schumacher, H. R. 2000. Chlamydia-associated reactive 
arthritis. Isr. Med. Assoc. J. 2:532-535. 

Scidmore-Carlson, M., and T. Hackstadt. 2000. Chlamydia 
internalization and intracellular fate. Subcell. Biochem. 
33:459-478. 

Stagg, A. J. 1998. Vaccines against Chlamydia: Approaches 
and progress. Molec. Med. Today 4:166-173. 

Stamm, W. E. 1999. Chlamydia trachomatis infections: 
Progress and problems. J. Infect. Dis. 179 (Suppl.):S380- 
S383. 



Stephens, R. S., S. Kalman, C. Lammel, J. Fan, R. Marathe, 
L. Aravind, W. Mitchell, L. Olinger, R. L. Tatusov, Q. 
Zhao, E. V. Koonin, and R. W. Davis. 1998. Genome 
sequence of an obligate intracellular pathogen of 
humans: Chlamydia trachomatis. Science 282:754-759. 

Stephens, R. S. 2000. Chlamydial genomics and vaccine anti- 
gen discovery. J. Infect. Dis. 181 (Suppl.):S521-S523. 

Tuuminen, T, P. Palomaki, and J. Paavonen. 2000. The use of 
serologic tests for the diagnosis of chlamydial infections. 
J. Microbiol. Methods 42:265-279. 

Ward, M. 1995. The immunobiology and immunopathology 
of chlamydial infections. Acta Pathologica Microbiolog- 
ica et Immunologica Scandinavica 103:769-796. 



Prokaryotes (2006) 7:757-793 
DOI: 10.1007/0-387-30747-8_31 

CHAPTER 8.1 

The Order Planctomycetales, Including the Genera 
Planctomyces, Pirellula, Gemmata and Isosphaera and the 
Candidatus Genera Brocadia, Kuenenia and Scalindua 

NAOMI WARD, JAMES T. STALEY, JOHN A. FUERST, STEPHEN GIOVANNONI, 

HEINZ SCHLESNER AND EIKO STACKEBRANDT 



Introduction 

The order Planctomycetales comprises a remark- 
able group of budding bacteria. They and their 
nearest relatives, the chlamydiae (Weisburg et al., 
1986; see The Genus Chlamydia-Medical in this 
Volume), are the only known cell- wall containing 
bacteria that lack peptidoglycan. Furthermore, 
the planctomycetes are morphologically distinc- 
tive because of their budding division, their 
spherical to ovoid cells with crateriform pits (Figs. 
1 and 2), and the nonprosthecate appendages 
(stalks) produced by some members of the group 
(Fig. 3). Multicellular aggregates or rosettes are 
formed by some species that produce polar hold- 
fasts (Fig. 3). One genus, Isosphaera, is a multi- 
cellular filamentous bacterium that moves by 
gliding. Other motile members of the group pro- 
duce flagella. A relatively recent addition to the 
morphological oddity of the planctomycetes is 
the discovery of cellular compartmentalization, 
posing a challenge to the traditionally held view 
of the prokaryote:eukaryote dichotomy (Fuerst 
and Webb, 1991; Lindsay et al., 1997; Lindsay et 
al., 2001). Knowledge of the order is limited 
owing to the relatively few species that have been 
obtained in pure culture and characterized. How- 
ever, through the application of molecular micro- 
bial ecology techniques over the last 10 years, it 
has become apparent that planctomycetes are 
ubiquitous in a wide range of terrestrial and 
aquatic environments; the physiological diversity 
underlying this geographic ubiquity has not yet 
been fully explored. The availability of genome 
sequence data should provide a valuable resource 
for the future investigation of planctomycete 
biology and promises to reveal previously 
unknown aspects of these unique organisms. 



General Planctomycete Phytogeny 

The planctomycetes have a typical and unique 
ribosomal RNA composition. Early analysis of 



their 16S rRNA by oligonucleotide cataloging 
and sequence analyses originally placed this 
order as a deep branch within the Bacteria 
(Stackebrandt et al., 1984) and/or as a group that 
is undergoing rapid evolution (Woese, 1987; 
Liesack et al., 1992b). Thus, the planctomycetes 
differed markedly from the heterotrophic bud- 
ding and prosthecate bacteria that fall within the 
alpha-proteobacteria. This was supported by 
studies of their 5S rRNA (Bomar et al., 1988), 
which indicated that its length is significantly 
shorter than that of most bacteria, ranging from 
109 to 111 nucleotides rather than the “minimal” 
length of 118 bases of other bacteria and archaea 
(Erdmann and Wolters, 1986). In addition, posi- 
tion 66 lacks an insertion, and numerous trans- 
versions were noted in the secondary structure, 
features previously unknown for other bacteria. 

Since the original 16S rRNA gene sequence 
analyses of described planctomycete species, 
application of novel culturing techniques has led 
to the isolation of new planctomycete strains 
(Fuerst et al., 1991; Schlesner, 1994; Wang et al., 
2002). Phylogenetic analysis of these strains 
using 16S rDNA sequences (Fuerst et al., 1991; 
Ward et al., 1995; Griepenburg et al., 1999; Wang 
et al., 2002) has supported the distinct phyloge- 
netic position of the planctomycete lineage and 
demonstrated the great phylogenetic diversity of 
the group (Fig. 4). For some of these strains, 
analysis of sequences encoding 23S rRNA (Ward 
et al., 2000), the 70-kDa heat shock protein 
(HSP70; Ward-Rainey et al., 1997), and the (3- 
subunit of ATP synthase (Ronner et al., 1991) 
supports these findings. These analyses also indi- 
cate that while the planctomycete and Verru- 
comicrobia lineages tend to cluster together, the 
grouping is not statistically significant. The rela- 
tionship between the planctomycetes and the 
chlamydiae, first proposed as sister taxa by 
Weisburg et al. (1986), is better supported by 
bootstrapping and other resampling methods. 
However, an analysis of elongation factor-Tu 
proteins from planctomycetes suggested long- 
branch attraction effects as a cause for the incon- 
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sistent branching position of the planctomycetes 
and did not support a close relationship between 
the planctomycetes and the chlamydiae (Jenkins 
and Fuerst, 2001). Despite the use of alternative 
phylogenetic markers, the position of the planc- 







Fig. 1. An electron micrograph of a motile cell of Pirellula 
marina showing flagellum (11) and numerous circular surface 
structures referred to as “crateriform structures” (cr). More 
distinctive crateriform structures are evidenced on some 
species (see Fig. 2 below). Bar = 1.0 mm. Courtesy of Heinz 
Schlesner. 



tomycetes relative to other phyla is still unclear. 
A recent 16S rRNA-based phylogenetic analysis 
of the Bacteria using the most slowly evolving 
sequence positions suggests that the plancto- 
mycetes may emerge at the base of the Bacterial 
tree — reasonable bootstrap values support early 




Fig. 3. A phase photomicrograph of a rosette of Planctomy- 
ces bekefli from University Lake, St. Lucia, Australia. The 
rosette consists of many spherical cells joined together at the 
distal tips of their stalks. Bar = 10.0 mm. 





Fig. 2. An electron micrograph of 
a whole cell of Planctomyces bekefli 
showing many crateriform struc- 
tures. The inset is an enlargement 
of the stalk-cell junction, showing 
the fibrillar nature of the stalk. 
Sample was collected from Uni- 
versity Lake, St. Lucia, Australia, 
and stained with 1 % uranyl acetate 
in 0.4% sucrose. Bar = 0.5 mm. 
Courtesy of John A. Fuerst. 



► 

Fig. 4. 16S rDNA dendrogram indicating the phylogenetic relationships between described species of the family Planctomyc- 
etaceae and isolates from various sites. Letters indicate the geographic origin of the majority of isolates (D = Denmark, G = 
Germany, and SH = Schleswig-Holstein). Analysis was based on 1170 unambiguous nucleotides (gaps removed). The sequence 
X86393 was added to the tree manually using the phylogenetic position determined on the basis of 750 nucleotides. The root 
was determined by using the 16S rDNA sequence of Escherichia coli K12 as an outgroup reference. The bar represents 10% 
sequence divergence, as determined by measuring the lengths of the horizontal lines connecting any two organisms. Numbers 
refer to bootstrap values; only values above 70% are shown. 
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emergence of the group, even as the first branch- 
ing one in place of hyperthermophiles (Brochier 
and Philippe, 2002). If confirmed, such a position 
would place planctomycetes at the center of evo- 
lutionary microbiology and the search for the 
last common ancestor of the domains of life. 



General Planctomycete Taxonomy 

Because of their unique position within the 
Bacteria, a new order, Planctomycetales, was 
proposed to accommodate members of this 
group (Schlesner and Stackebrandt, 1986b). The 
order is named for the species Planctomyces 
hekefii, which was first described early in the cen- 
tury by Gimesi (1924), who observed this 
rosette-forming microorganism in a pond in 
Hungary. He regarded it as a planktonic fungus, 
thereby explaining the root ''myces'' in the genus 
name. Organisms of this group were also 
reported by Henrici and Johnson (1935), who 
observed them in lakes in the northern United 
States but assigned them to the bacteria as Blas- 
tocaulis sphaerica. Neither Gimesi nor Henrici 
and Johnson obtained pure cultures. The two tax- 
onomic entities were united in 1972 when a care- 
ful comparison of both type material (archival 
drawings) and water samples from the original 
environments showed the organisms to be iden- 
tical; PL bekefii was given priority (Hirsch, 1972). 
Subsequently several other planktonic, rosette- 
forming colonial species, including PI crassus, 
PL stranskae, PL gracilis and PI guttaeformis, 
were named but not isolated (see Starr and 
Schmidt, 1989). Some, such as PL crassus, were 
designated fungi, whereas others were described 
as bacteria. The issue was not finally resolved 
until 1980, when Schmidt and Starr (1980a, b) 
demonstrated by electron microscopy that PL 
bekefii from both the Hungarian and North 
American type localities had the cell ultrastruc- 
ture of a prokaryote. Perhaps in the light of 
recent findings on cell compartmentalization in 
planctomycetes, the case from structure alone 
was not entirely simple and may have been due 



largely to the use only of chemical fixation in 
these early studies. 

The first reports of pure cultures of this group 
were published in the 1970s (Staley, 1973; Bauld 
and Staley, 1976; Schmidt, 1978a). The organisms 
grew as slow-growing heterotrophs on dilute 
organic media. Nevertheless, many of the large 
rosette forms have not yet been isolated, includ- 
ing the type species of the genus, Planctomyces 
bekefii. All cultivated named species, and all 
named species described only on the basis of 
microscopic observation, are aquatic, occurring 
in freshwater lakes, marine habitats, and salt 
ponds. However, as described below, the 
presence of planctomycetes in soil and other 
nonaquatic habitats has been detected using 
culture-independent 16S rRNA-based methods. 
This wider habitat range is also refiected in the 
isolate collections obtained by Schlesner (1994) 
and Wang et al. (2002), who used cell wall syn- 
thesis-inhibiting antibiotics and novel carbon 
sources to isolate strains from soil, water, com- 
post, manure, etc. 

In addition to the unicellular and rosette- 
forming colonial forms, the order contains fila- 
mentous organisms. The filamentous types were 
initially thought to be cyanobacteria and were 
named “Isocystis pallida'' (Woronichin, 1927). 
However, strains that have been isolated do not 
contain chlorophyll a or other photosynthetic 
pigments (Giovannoni et al., 1987b). Isolated 
strains that were obtained from neutral and alka- 
line hot springs at temperatures between 35 and 
55°C were placed in a new genus as Isosphaera 
pallida. Table 1 can be used to distinguish the 
genera of the order Planctomycetales. 

Chemical Properties 
and Chemotaxonomy 

Cell Wall Structure 

With the exception of the planctomycetes and 
Chlamydia spp., all other bacteria that possess a 
cell wall contain peptidoglycan as the main cell 



Table 1. Characteristics differentiating the genera of the order Planctomycetales. 



Genus 


Cell arrangement 


Stalk 


Flagellar type 


Crateriform structure 


G + C content 
(mol%) 


Pirellula 


Rosettes in pure culture 


a 


Single, polar 


Reproductive pole 


54-57 


Gemmata 


Single cells 


- 


Polar bundle 


Over entire cell surface 


64 


Planctomyces 


Single cells or rosettes 


+ 


Single, polar 


Over entire cell surface or 
reproductive pole 


50-58 


Isosphaera 


Filamentous 


- 


_b 


Over entire cell surface 


62 



Symbols: +, property present; and property absent. 

rudimentary “stalk” has been reported in ATCC strain 27377 (Starr et al., 1983). 
'"Moves by gliding. 
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wall structural compound. The absence of pepti- 
doglycan and the occurrence of a proteinaceous 
cell wall in the planctomycetes were first 
reported for several strains of Planctomyces and 
Pirellula (then Pasteuria; Konig et al., 1984). This 
finding explained the considerable resistance of 
these strains to antibiotics known to target the 
synthesis of peptidoglycan, including not only 
the B-lactams but also non-B-lactams such as D- 
cycloserine (Schmidt and Starr, 1982a; Konig et 
al., 1984); p-lactamase activity (a possible expla- 
nation for resistance) was tested in Pi. marina 
and PL maris and found to be absent (Claus 
et al., 2000). 

The inclusion of Gemmata obscuriglobus and 
7. pallida in the order Planctomycetales was 
supported by the presence of a proteinaceous 
cell wall in these organisms (Liesack et al., 1986; 
Stackebrandt et al., 1986b; Giovannoni et al., 
1987a). A more detailed analysis of the cell wall 
amino acid composition of members of Plancto- 
myces and Pirellula revealed proteins rich in 
glutamate and cystine/cysteine, the disulfide 
bonds of which may contribute to the sodium 
dodecylsulfate (SDS)-resistance of the cell enve- 
lope (Liesack et al., 1986). The cell wall of G. 
obscuriglobus, on the other hand, is low in cys- 
tine/cysteine (Stackebrandt et al., 1986b). 



Quinone Composition 

Another chemotaxonomic marker that confirms 
the phylogenetic coherence of the order Planc- 
tomycetales is the presence of the isoprenoid 
quinone MK6, a menaquinone (Sittig and 
Schlesner, 1993) in all species investigated (a 
strain of 7. pallida was not included in the study). 
The main isoprenoid quinone among Gram- 
negative bacteria is ubiquinone, but mena- 
quinone does occur in members of lines of descent 
other than the planctomycetes, e.g., the Bacteroi- 
des, Cytophaga, Flavobacterium phylum (Collins 
and Jones, 1981) and certain archaeal families. 



DNA Base Composition 

The genomic DNA G+C content of members of 
the order Planctomycetales ranges between 51 
and 70 mol%, with values above 60% found in 
strains of G. obscuriglobus and 7. pallida and 
their relatives and in two strains that are phylo- 
genetically related to PL limnophilus and PL 
brasiliensis (Griepenburg et al., 1999). The base 
composition of the 16S rRNA gene for most 
planctomycetes ranges between 53 and 57 
mol%. Isosphaera pallida and related strains 
exhibit 16S rRNA values ranging between 60 and 
62%; it has been suggested that these values 
indicate the 16S rRNA genes of these organisms 



have been subjected to a higher- than-normal 
evolutionary rate. 

Lipid Composition 

Members of the genera Planctomyces and Pirel- 
lula (the latter formerly called ‘‘Pirella'') have 
characteristic Bacteria-type ester-linked polar 
lipids rather than the ether-linked lipids of the 
Archaea (Kerger et al., 1988). However, this may 
not be a universal phenomenon in plancto- 
mycetes as a whole (see below). 

Early investigations of planctomycete cellular 
fatty acids revealed some unusual features. The 
presence of palmitic, palmitoleic, and oleic acids 
in Pirellula spp. and Planctomyces spp. was inter- 
preted as a pattern more typical of microeukary- 
otes than of bacteria (Kerger et al., 1988). 
However, these fatty acids are not exclusive to 
planctomycetes but have subsequently been 
found widely distributed in other prokaryotic 
taxa. Similarly, the 18-carbon monounsaturated 
18:lco9c and 18:lcollc fatty acids detected in 
members of Planctomyces and Pirellula (Kerger 
et al., 1988) are widely distributed among other 
bacteria. Pirellula strains possess hydroxy fatty 
acids of the 3-hydroxy-octadecanoic acid (3-OH- 
/r-18:0) type, but lack 3-hydroxyeicosanoic acid 
(3-OH-/r-20:0), whereas in Planctomyces strains 
the distribution of these compounds is reversed 
(Sittig and Schlesner, 1993). Evidence for the 
presence of 3-hydroxy acids in 7. pallida has also 
been obtained (Giovannoni et al., 1987a), but 
attempts to obtain a more detailed composition 
of hydroxy fatty acids in G. obscuriglobus were 
not successful (Sittig and Schlesner, 1993). 
Claims of lipopolysacharide production by 
planctomycetes (Kerger et al., 1988) must thus 
await data derived by methods other than detec- 
tion of hydroxy fatty acids, since lipopolysaccha- 
ride (LPS) itself has not been directly detected 
(Fuerst, 1995). 

Data on phospholipid composition are avail- 
able for only a few planctomycete strains; phos- 
pholipid pattern has been shown to be similar in 
phylogenetically closely related strains, but dif- 
ferent among species (Sittig and Schlesner, 1993; 
Table 2). 

A remarkable novel “ladderane” lipid has 
been found in an anaerobic chemolithotrophic 
ammonium-oxidizing planctomycete Candidatus 
“Brocadia anammoxidans.” This lipid is a series 
of linearly concatenated cyclobutane rings and 
occurs in the membrane surrounding the internal 
compartment (the anammoxosome) that con- 
tains enzymes involved in ammonium oxidation. 
These lipids contribute to the exceptional density 
of this membrane and may act to limit diffusion, 
protecting the rest of the cell from toxic anam- 
mox intermediates (Sinninghe Damste et al.. 
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Table 2. Phospholipids of Pirellula and Planctomyces strains. 

Phospholipids 



Strains 


PG 


PE 


MPE 


DPE 


PC 


BPG 


UP 


Glyl 


Pirellula 


Group V 


-b 


- 


- 


-b 


(+) 


(+) 


- 


-b 


Group 2 


-b 


- 


- 


-b 


-b 


+ 


- 


- 


Group 3 


-b 


- 


- 


- 


- 


(+) 


(+) 


- 


Pi. staleyi (ATCC 27377^) 


-b 


- 


- 


-b 


- 


(+) 


- 


- 


Planctomyces 


Group 1 


-b 


- 


- 


- 


- 


- 


(+) 


-b 


Group 2 


-b 


- 


- 


- 


- 


-b 


(+) 


-b 


Group 3 


(+) 


- 


-b 


-b 


(+) 


(+) 


(+) 


-b 



Symbols: +, main component; (+), present in less amounts; not present. 

Abbreviations: PG, phosphatidylglycerol; PE, phosphatidylethanolamine; MPE, phosphatidylmono-methylethanolamine; 
DPE, phosphatidyldimethylethanolamine; PC, phosphatidylcholine; BPG, biphosphatidylglycerol; UP, unknown phospholip- 
ids; and Glyl, glycolipid. 

""Groups are defined by 16S rDNA-based phylogenetic analyses as follows. Pirellula group 1: strain 1 (IFAM 1310), strain 140 
(IFAM 1319), strain 198 (IFAM 1735); group 2: strain 143 (IFAM 1358), strain 158 (IFAM 1452); group 3: Pi. marina (IFAM 
1313^), strain 217 (IFAM 1945). 

Planctomyces group 1: strain 203 (IFAM 1999), strain 244 (IFAM 2075), strain 237 (IFAM 2079); group 2: PI limnophilus 
(IFAM 1008^), PI brasiliensis (IFAM 1448^), strain 240 (IFAM 3001); group 3: PI maris (ATCC 29201^), strain 130 (IFAM 
1317), strain 219 (IFAM 1951). 



2002). Also significant is their finding that ladder- 
ane-containing lipids included dialkyl glycerol 
diethers, ether-linked lipids typical of Archaea 
and atypical of Bacteria (i.e., found only in a few 
deep-branching thermophiles and some sulfate- 
reducing mesophiles). 

Polyamine Distribution 

Like phospolipid composition, polyamine distri- 
bution has been shown to be a useful chemotax- 
onomic marker at and below the species level 
(Griepenburg et al, 1999). All analyzed mem- 
bers of the order Planctomycetales contained 
significant amounts of polyamines and sym- 
homospermidine, except PI limnophilus and 
related strains, which had high amounts of 
putrescine as the dominant polyamine com- 
ponent. The distribution of putrescine, sym- 
homospermidine and spermidine reflects the 
phylogenetic diversity within the order Plancto- 
mycetales, as closely related representatives of 
the phylogenetic groups defined by described 
species and novel isolates exhibit similar 
polyamine patterns. 



Planctomycete Ecology 

Habitats and Trophic States 

Planctomycetes were first observed in freshwater 
environments but are now known to be present 
in other aquatic habitats, including marine and 
hypersaline waters, and also in nonaquatic envi- 
ronments such as soil and sewage sludge. Many 



observations provide a record of planctomycete 
distribution. Planctomyces bekefii morphotypes 
have been reported in freshwater in geographi- 
cally diverse locations: Hungary, Denmark, other 
European sites, Vietnam, Venezuela, Israel, 
Australia and the United States. Isolates have 
been obtained from environments existing in all 
trophic (i.e., oligo trophic to highly polluted) 
states. Some reports have suggested that higher 
numbers of planctomycetes are found in 
eutrophic and polluted environments than in 
eutrophic samples. High pH values (6.S-9.4), 
high conductivity, and temperate summer tem- 
peratures have also been suggested to be associ- 
ated with increases in planctomycete numbers. 
However, in a study of Australian freshwater 
samples, Staley et al. (1980) suggested that planc- 
tomycetes could be found in all trophic states 
and that the proportion of planctomycetes to 
total viable heterotrophs was not dependent 
on trophic state. Fuerst (1995) has suggested 
PL hekefii as an environmental indicator for 
eutrophic conditions. 



Mineral Encrustation 

Many of the rosette-forming planctomycetes 
have been observed to accumulate iron and/or 
manganese on the surface of the stalk in their 
natural freshwater habitats (Schmidt et al., 
1981b; Schmidt et al., 1982b). These deposits 
appear as phase-bright regions of the rosette 
structure under phase microscopy. The accumu- 
lation can be observed either at the central point 
where the stalks join to each other via holdfasts 
or all along the length of the stalks. Energy- 
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dispersive X-ray spectroscopy has been used to 
demonstrate that manganese is accumulated by 
members of morphotype la (i.e., PI hekefii), 
while both iron and manganese are deposited on 
the stalks of morphotype lb species {PL crassus; 
Schmidt et al, 1981b; Schmidt et al, 1982b). Iron 
encrustation may be due to passive accumulation 
of oxidized iron, but oxidation of reduced man- 
ganese may be biologically catalyzed by the 
planctomycetes. 

Association with Algal Blooms 

A considerable amount of evidence suggests that 
there is an association between the occurrence 
of algal or cyanobacterial blooms and increases 
in the numbers of freshwater planctomycetes. 
There have been several reports that the num- 
bers of the rosette-forming planctomycetes (PL 
hekefii, PL guttaeformis and PL stranskae) have 
been found to increase in freshwater habitats 
after algal or cyanobacterial blooms. Granberg 
(1969) observed that increases in numbers of PL 
bekefii and PL condensatus correlated with a sea- 
sonal increase in heterotrophic phytoplankton 
in a reservoir. Organisms resembling PL bekefii 
and PI guttaeformis have been observed in a 
Louisiana lake during and subsequent to a 
bloom of a Pithophora species (N. Ward, unpub- 
lished observation). Further evidence for this 
hypothesis is provided by the fact that laboratory 
enrichments of planctomycetes are favored by 
the presence of ambient light and consequent 
phototroph development (Starr and Schmidt, 
1989) and that freshwater Pirellula occur as epi- 
phytes of ensheathed cyanobacteria (The Order 
Planctomycetales and the Genera Planctomyces, 
Pirellula, Gemmata, and Isosphaera in the sec- 
ond edition). It has been suggested (Kristiansen, 
1971) that decomposition of phytoplankton pro- 
duces hydrogen sulfide (H 2 S) and results in rising 
iron and manganese concentrations that may 
favor PL bekefii blooms. 

The evidence garnered so far for the interre- 
lationship of planctomycete and algal/cyanobac- 
terial population dynamics in freshwater systems 
is mostly anecdotal, a situation that could be 
remedied by a systematic investigation of a 
freshwater body in which planctomycete num- 
bers have been reported to fluctuate on a sea- 
sonal basis. Such a study would include detailed 
measurements of physicochemical parameters 
such as temperature, pH, dissolved oxygen, car- 
bon and nitrogen, as well as quantification and 
identification of planctomycete species by 
microscopy and molecular (16S rDNA based) 
techniques. An alternative approach could 
involve the use of microcosms in the laboratory, 
if cultures of the rosette-forming species were 
available. 



Association with Crustaceans 

There have been several reports of possible asso- 
ciation of planctomycetes with Crustacea. The 
first of these was Metchnikoffs report of 
pear-shaped parasitic organisms associated 
with cladoceran water fleas of Daphnia spp. 
(Metchnikoff, 1888). This organism was later 
shown to be the non-planctomycete endospore- 
forming Pasteuria ramosa (related to P. penetrans 
and P. thornei, pathogens of plant-parasitic nem- 
atodes; Starr et al., 1983). 

However, genuine planctomycetes have also 
been found in association with Crustacea, includ- 
ing putative Pirellula species attached to the 
carapace of Daphnia pulex (Staley, 1973) and 
isolated from the hepatopancreas or whole post- 
larvae of the giant tiger prawn Penaeus monodon 
(Fuerst et al., 1991; Fuerst et al., 1997). The 
prawn isolates have been shown to be phyloge- 
netically related to Pirellula or Planctomyces 
species, in the latter case very closely to PI bra- 
siliensis, on the basis of 16S rRNA gene sequence 
analysis (Fuerst et al., 1997). These species may 
inhabit prawn hemolymph as well as the gut and 
may be selected for, especially in baculovirus- 
infected prawns. The exact nature of the associ- 
ation has not yet been determined. 

Association with Sponges 

Recently, the association of planctomycetes 
with sponges has been reported. Hosts were the 
Mediterranean sponges Aplysina cavernicola 
(Friedrich et al., 1999) and A. aerophoba 
(Friedrich et al., 2001). Also the sponge Rhopal- 
oeides odorabile from the Great Barrier Reef, 
Australia, was found to host planctomycetes 
(Webster et al., 2001). 

Ecology and Physiology 

Despite the reported widespread distribution of 
planctomycete bacteria, little is known of their 
role in the environment. The physiology and 
metabolism of planctomycetes are not well 
understood, and most of the available physiolog- 
ical data were obtained to allow taxonomic 
description of new species and genera. All planc- 
tomycete strains currently held in pure culture 
are chemoheterotrophs, but representatives in 
mixed laboratory culture include the chemoau- 
totrophs performing anaerobic oxidation of 
ammonium (see below). Carbohydrates serve as 
the major carbon source, but PL limnophilus, PL 
brasiliensis and PL marina can also utilize gela- 
tin, while starch is used by PL brasiliensis, PL 
marina and G. obscuriglobus (Franzmann and 
Skerman, 1984; Hirsch and Muller, 1985; 
Schlesner, 1986a; Schlesner, 1989). The plancto- 
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mycetes are relatively slow growing; the shortest 
recorded generation time is 13 h for PL maris 
and G. obscuriglobus (Bauld and Staley, 1976; 
Franzmann and Skerman, 1984). Isolation and 
maintenance of many planctomycete strains 
require rather dilute media, and rich media have 
been shown to be inhibitory to growth in some 
cases (Schlesner, 1994). 

Some species are obligate aerobes (PL maris, 
G. obscuriglobus and 7. pallida; Bauld and 
Staley, 1976; Franzmann and Skerman, 1984; 
Giovannoni et al., 1987b), while others (PL 
marina, PL limnophilus; Hirsch and Muller, 1985; 
Schlesner, 1986a ) are facultative anaerobes, in 
the sense that they can ferment carbohydrates. 
The presence of cytochrome c oxidase and the 
ability of some strains — PL marina and PL bra- 
siliensis (Schlesner, 1986a; Schlesner, 1989) — to 
reduce nitrate suggest that they possess electron 
transport chains resembling those found in other 
facultative aerobes. 

Isosphaera pallida exhibits a number of phys- 
iological properties not seen in other members 
of the order Planctomycetales. Most of these 
characteristics bear relation to the hot spring 
environments from which 7. pallida has been 
isolated or in which organisms morphologically 
similar to 7. pallida have been observed. The 
most obvious of these is the moderate thermo- 
phily (maximum temperature for growth of 55°C 
with an optimum of 41°C; Giovannoni et al., 
1987b) of 7 pallida, but also its phototactic abil- 
ity (unique among heterotrophs) and formation 
of gas vesicles, which would allow vertical posi- 
tioning in the water column (Giovannoni et al., 
1987b). It has been suggested (Fuerst, 1995) that 
the phototaxis of 7. pallida in the absence of 
phototrophy may make it a good model organ- 
ism for studying the mechanisms of phototaxis. 
Isosphaera pallida can be grown in coculture 
with a hot spring phototroph (Heliothrix oregon- 
ensis) under aerobic conditions in the light; the 
phototroph cannot be grown in culture in the 
absence of 7. pallida (Pierson et al., 1985). Ward 
et al. (1990) report detection of 7. pallida by 
microscopy and 16S rRNA gene sequence-based 
molecular studies in the top layers of the Octo- 
pus Spring cyanobacterial mat, suggesting that 
this organism may be widely distributed in hot 
springs other than its type locality. Other physi- 
ological traits of 7. pallida include obligate 
oligotrophy (growth is inhibited by glucose 
concentrations greater than 0.025%) and gliding 
motility, never previously reported in a budding 
bacterium. 

Recent reports have identified deep-branching 
planctomycetes as the “missing lithotrophs” car- 
rying out anaerobic ammonia oxidation (“anam- 
mox”; Strous et al., 1999; Schmid et al., 2000; Van 
Dongen et al., 2001). The anammox process 



removes ammonia nitrogen from wastewater, 
combining ammonia and nitrite into dinitrogen 
gas, and is important for the reduction of ammo- 
nia emissions due to agricultural use of chemical 
fertilizers. The planctomycetes carrying out this 
process have been identified by electron micros- 
copy showing the presence of characteristic 
cellular compartmentalization and crateriform 
structures and by 16S rDNA sequencing and 
fluorescent in situ hybridization (FISH) with 
specific oligonucleotide probes directly on anam- 
mox bioreactor biomass or concentrated frac- 
tions from such biomass. This finding extends the 
known physiological range of the plancto- 
mycetes to include anaerobic autotrophs and 
has resulted in the proposition of two new 
Candidatus genera, “Brocadia” and “Kuenenia” 
(Strous et al., 1999; Schmid et al., 2000). Studies 
attempting to elucidate the mechanism of the 
anammox process have begun (Jetten et al., 
2001 ). 

Recent studies of sediments from the Baltic- 
North Sea area indicated that anaerobic 
ammonium oxidation is occurring (Dalsgaard 
and Thamdrup, 2002; Thamdrup and Dalsgaard, 
2002). Ammonium-oxidizing anammox plancto- 
mycetes and their activities have also been 
detected in the Black Sea, the world’s largest 
anoxic basin (Kuypers et al., 2003), and in anam- 
mox activity in an anoxic bay off the coast of 
Costa Rica (Dalsgaard et al., 2003), indicating a 
significant role for anammox planctomycetes in 
the global nitrogen cycle, as biological agents 
for molecular nitrogen regeneration in anoxic 
conditions. 

It is worth noting that the phylogenetic diver- 
sity and depth of the planctomycete lineage sug- 
gest that physiological types other than those 
already reported for this group may be detected. 
So too, full physiological potential of existing 
cultured strains may not be appreciated until 
genome sequence annotations are interpreted 
and the “metabolome” deduced (see Whole- 
Genome Sequencing Studies). 

Molecular Ecology Studies 

Planctomycete sequences were detected in the 
very first 16S rDNA library to be constructed 
from a soil (Mt. Coot-tha, Australia; Liesack and 
Stackebrandt, 1992a; Stackebrandt et al., 1993). 
Since then, they have been found in multiple 
libraries generated from terrestrial, marine, 
freshwater, industrial, and organism-associated 
environments around the world (Table 3). This 
wide distribution suggests a ubiquitous distri- 
bution and diverse ecological niches for the 
planctomycetes. It has also stimulated renewed 
attempts, several of them successful, to recover 
some of these organisms in pure culture (see 
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Table 3. Selected environmental clone sequences (published) identified in public databases as members of the order 
Planctomycetales. 

Source Sequence accession nos. References 



Liesack and Stackebrandt, 1992a 



Terrestrial 

Australian forest soil 

Soil, eastern Amazonia 
Deltaic muds, Papua New Guinea 
Geothermally heated soil 
Ikaite tufa columns, Greenland 
Indonesian forest soil 
Wisconsin soil 

Marine 

Marine aggregate 
Marine sediment 

Coastal picoplankton. North Carolina 
Marine 

Cold marine sediments 
Antarctic deep sea 
Antarctic coastal shelf sediment 



Marine sediment (ammonia oxidizing) 
Freshwater 
Lake Baikal 

Lake Baikal picoplankton 
Hot spring, Yellowstone 
Mono Lake (soda lake) 
Organism-associated 
Human colon 
Algae 

Chewing lice 
Diseased coral 



Industrial 
Activated sludge 

Ammonium- oxidizing biofilm 
Uranium mining waste 
(ammonium-oxidizing) 



X64375-X64379, X64383, 
and X64384 
U68622 
AF193570 

AF465649 and AF465657 
AJ431346 and AJ431347 
AF256037 

a214620, a214638, a214657, 
and a214668 

L10942 

UEU43644 and UEU43645 
U70681 and U70712 
AF029076-AF029079 
AJ297459 and AJ297460 
AF257295 

AF424457-AF424476, 
AF424478-AF424484, 
and AF424486-AF424503 
AJ301578 

X99985 

AJ011147 

AF027057-AF027059 

AF507874 

UPU58225 

AF259633 

AF467389 

AF441983, a038393, a038488, 
a038494, a038496, a038561, 
a038579, AF473941, and 
AF544881 

UNC225334, UNC225371, 
UNC225359, and UNC225363 
AB057453 

AJ296618-AJ296620, AJ296629, 
and AJ301578 



Borneman and Triplett, 1997 
Todorov et al., 2000 
Norris et al., 2002 
Stougaard et al., 2002 
Krave et al., 2002 
Liles et al., 2003 



DeLong et al., 1993 
Gray and Herwig, 1996 
Rappe et al., 1997 
Vergin et al., 1998 
Ravenschlag et al, 1999 
Lopez-Garcia et al., 2001 
Bowman and McCuaig, 2003 



Freitag and Prosser, 2003 

Bel’kova et al., 1996 
Semenova and Kuznedelov, 1998 
Hugenholtz et al., 1998 
Humayoun et al., 2003 

Wilson and Blitchington, 1996 
Meusnier et al., 2001 
Reed and Hafner, 2002 
Frias-Lopez et al., 2002 
Cooney et al., 2002 
Pantos et al., 2003 



Christensson et al., 1998 
Fuji! et al., 2002 

Radeva and Selenska-Pobell, 1999 



Application of New Isolation Strategies) and to 
detect them using specific 16S rRNA-targeted 
oligonucleotide probes (e.g., Neef et al, 1998). 
The latter study confirmed widespread distribu- 
tion of planctomycetes in different ecosystems 
and demonstrated that the “universal” bacterial 
probe EUB338 does not generally hybridize 
to planctomycete cells. A separate study (Vergin 
et al., 1998) indicated a consistent mismatch 
between planctomycetes and another com- 
monly used “universal” primer (27F) and, 
importantly, reported the first environmental, 
genomics data for planctomycetes; four fosmid 
clones containing planctomycete genomic DNA 
(as indicated by 16S rRNA signature) were 
obtained from a marine environment. In a 



recent study of agricultural soils, planctomycetes 
were found to comprise 3-12% of the ribosomal 
RNA abundance (Buckley and Schmidt, 2003). 
As the number of environmental genomics 
projects, both terrestrial and aquatic, continues 
to rapidly increase, we can look forward to a 
wealth of genomic sequence data from plancto- 
mycete constituents of the microbial communi- 
ties that are sampled and a better understanding 
of their ecological roles in these communities. 
Comparison of these data with those obtained 
from ongoing genome sequence projects for 
cultivated planctomycete strains (see Whole- 
Genome Sequencing Studies) may allow us to 
pinpoint differences between cultivated and as- 
yet-uncultured strains. 
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100 nm 



Fig. 5. Electron micrographs of a) 
Planctomyces limnophilus (DSM 
1358) and b) its phage. With permis- 
sion from C. Gliesche. 



2a 




1pm 




Fig. 6. Electron micrographs of a) 
Pirellula sp IFAM 1358 and b) its 
100 nm phage. With permission from C. 

" Gliesche. 



Bacteriophages of Planctomycetes 

The only reports of the occurrence of bacterioph- 
ages in planctomycete strains originate from the 
laboratory of Peter Hirsch, Kiel, Germany 
(Gliesche, 1980; Majewski, 1985). Phage Pl-89 
was enriched by polyethylene glycol (PEG)-6000 
precipitation of a mass culture of Planctomyces 
limnophilus IFAM 1008 (DSM 3776^). This 
phage has been classified as a member of mor- 
phogroup Bi (Akkerman and Eisenstark, 1974), 
family Styloviridae (Fig. 5). The linear double- 
stranded (ds)DNA has a genome size of 24.4 
(±0.7) MDa (electron microscopic determina- 
tion) or 28.13 MDa {BglW digest). The mol% 
G-hC content of the DNA is 57.8%. The host 
strain of Phage Pi-57 is Pirellula sp. IFAM 1358. 
This phage is also a member of the Styloviridae 
and belongs to morphogroup B 2 (Fig. 6). The lin- 
ear dsDNA has a genome size of 30.34 (± 2.19) 
MDa (electron microscopic determination) or 
31.80 MDa {BglW digest). The mol% G±C con- 
tent of the DNA is 5^7%. The DNA con- 
formation of these tailed bacteriophages of 
planctomycete strains is in accordance with the 
description of these properties in bacteriophages 
of other budding bacteria such as Hyphomicro- 



bium, Caulobacter, Asticcacaulis and Ancalomi- 
crobium (Reanney and Akkermann, 1982). 



Application of New Isolation Strategies 

The most successful attempt at isolation of mem- 
bers of the order included the use of media con- 
taining ampicillin, cycloheximide, and a range of 
nutrients, including very selective carbon and 
nitrogen sources such as A-acetylglucosamine, 
and enrichment in dilute media (Schlesner, 
1994). Many of these planctomycete isolates did 
not grow on nutrient-rich media; rapidly growing 
organisms were previously shown to overgrow 
planctomycetes on rich media (Hirsch and 
Muller, 1985). The strategy used by Schlesner 
(1994) resulted in the isolation of 257 putative 
planctomycete strains variously resembling 
members of the genera Planctomyces and Pire- 
llula, but also including spherical and prosthe- 
cate cell morphologies. These strains were 
subsequently shown by 16S rRNA gene 
sequence analysis to be a set of phylogenetically 
novel isolates (Ward et al., 1995; Griepenburg 
et al., 1999). Some isolates were closely related 
to described planctomycete species, but the 
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majority of strains, isolated from a geographi- 
cally rather small area (Northern Germany), 
were as unrelated to each other (as are the type 
species of the four planctomycete genera that 
were isolated from different continents), demon- 
strating that planctomycete strains were more 
diverse than strains held in pure culture up to 
that point (Ward et al, 1995; Griepenburg et al, 
1999; see General Planctomycete Phylogeny). 
The strains were isolated from a wide range of 
environmental samples, extending the known 
habitats of the planctomycetes. 



Future Directions for Isolation Strategies 

Considering the enormous phylogenetic depth of 
the order Planctomycetales, comparable to that 
within the class Proteobacteria or the phylum of 
Gram-positive bacteria (Fig. 4), the full range of 
planctomycete diversity has most likely not been 
fully explored. The cumulative impact of recent 
isolation studies such as that of Schlesner (1994) 
and the results of 16S rRNA gene sequence 
based molecular ecology studies (see Molecular 
Ecology) suggest that the planctomycetes are a 
diverse and possibly ecologically very important 
group of bacteria. The difficulty experienced in 
their cultivation may be explained by the almost 
complete lack of knowledge of their metabolic 
processes. Our current attempts to isolate planc- 
tomycetes will undoubtedly be superseded by 
more focused and directed strategies once this 
physiological information becomes available 
and is supplemented by genomic and proteomic 
data. 



New Approaches to Identification 

Our lack of knowledge about biochemical and 
physiological properties that are routinely used 
in the identification of other prokaryotic species 
means that planctomycete species have often 
been described and identified on morphological 
grounds, as they were 75 years ago (Gimesi, 
1924). It is only recently that comparative 16S 
rDNA sequence analyses and the recognition of 
planctomycete-specific oligonucleotides (Woese 
et al., 1985) and other molecular signatures 
(Liesack and Stackebrandt, 1992a; Liesack et al., 
1992b) have provided microbiologists with a reli- 
able and rapid tool to unambiguously affiliate 
strains to the order Planctomycetales and gave 
evidence that the genus-specific morphological 
properties are of phylogenetic significance 
(Liesack et al., 1992b). Table 4 compiles a set of 
16S rDNA signatures that define the majority of 
strains of the four genera of the family Plancto- 
mycetaceae. This information is derived from the 
sequences of cultured species type strains and 
from the sequences of isolates found to be 
closely to moderately related to these type 
strains. Novel species can be predicted when iso- 
lates share lower than 97-98% sequence similar- 
ity with the sequence of one of the type strains. 

This approach has been applied to isolates 
from a variety of habitats and the occurrence of 
many culturable potentially new species can be 
predicted from the molecular data. The molecu- 
lar approach complements the phenotype-based 
classification including cell morphology and 
other properties such as crateriform structures 
and multifibrillar appendages. 



Table 4. 16S rDNA signature nucleotide pairs (in bold) defining the four genera of the family Planctomycetaceae.^ 



Nucleotide position’’ 


Planctomyces 
(3 species, 14 isolates) 


Pirellula 

(2 species, 38 isolates) 


Gemmata 

(1 species, 8 isolates) 


Isosphaera 

(1 species, 13 isolates) 


115-312 


U-A 


G-C 


C-G 


G-C 


125-236 


U-A 


U-R 


U-A 


A-U 


340-349 


A-U 


A-U 


A-U 


U-A 


408-434 


G-C 


G-C 


G-C 


A-U 


409-433 


G-C 


G-C 


C-G 


G-C 


501-544 


C-G 


G-C 


C-G 


C-G 


578-763 


U-A 


U-A 


C-G 


C-G 


680-710 


C-G 


A-U 


U-A 


C-G 


822-878 


A-U 


A-U 


G-C 


G-C, A-U 


1028-1033 


Y-R 


C-G 


G-C 


C-G 


1133-1141 


A-U 


G-C 


C-G 


G-C^^ 


1308-1329 


U-A 


U-A 


C-G 


U-A^ 



Abbreviations: Y, pyrimidine; and R, purine. 

""Only organisms available in pure culture are considered. A base pair is considered a signature when present in >95% of 
strains of a genus. 

coli position (Brosius et al., 1978). 

"^Isosphaera pallida has A-U. 

^Isosphaera pallidai has C-G. 



768 N. Ward et al. 



CHAPTER 8.1 



It can be predicted that the few phenotypic 
and physiological differences observed in mem- 
bers of the Planctomycetaceae will not be suffi- 
cient to describe a significantly larger number of 
novel species than the ones described so far. As 
judged from the phylogenetic distance to the two 
described species of Pirellula, many of the strains 
with a Pirellula-iypQ morphology represent 
novel species (Ward et al, 1995; Griepenburg 
et al., 1999). The finding of novel planctomycete 
organisms in different environments makes their 
increased isolation in the future even more 
likely. Certainly the spectrum of chemotaxo- 
nomic and physiological properties has not yet 
been fully explored in these organisms, and con- 
sidering the large phylogenetic interstrain dis- 
tance of many of the isolates, one would expect 
these phenotypic differences to be present 
among the planctomycete strains. However, it 
may not be taxonomically wise to describe these 
new species exclusively on the basis of 16S 
rDNA sequence properties, such as secondary 
structure idiosyncrasies or the presence of 
unique signature nucleotides. On the basis of the 
argument that each individual nucleotide posi- 
tion represents a genomically stable and con- 
served single state phenotypic character, the 
accumulation of discriminating molecular prop- 
erties should have at least the same taxonomic 
weight as many of those physiological, cultural 
and nutritional properties traditionally used in 
the description of novel species. This approach 
has been included to describe a new species of 
the genus Sulfitobacter (S. mediterraneus), for 
which hardly any discriminating phenotypic 
properties have been detected when compared 
to the type strain of S. pontiacus (Pukall et al., 
1999). Tlie past 20 years have shown the poten- 
tial of 16S rDNA sequence analysis to reliably 
indicate the presence of new species and pheno- 
typic properties yet to be discovered; these can 
then be used to emend the description. However, 
the failure of probes and primers described as 
“universal” for the Bacteria to detect plancto- 
mycetes (Neef et al., 1998; Vergin et al., 1998) 
means that overreliance on 16S rDNA sequence 
analysis as a tool for systematics may pose prob- 
lems. With the availability of genomic sequence 
from representative planctomycetes, it should 
be possible to target genes that are not subject 
to these limitations or to use a combinatorial 
approach that targets multiple genes. 



Cell Compartmentalization 
in Planctomycetes 

Both Pirellula marina and Pirellula staleyi pos- 
sess a characteristic type of cell compartmental- 
ization, in which a single membrane (the 



intracytoplasmic membrane or ICM) divides the 
cell into two separate regions, the pirellulosome 
and a polar cap region, later termed “the pary- 
phoplasm” (Lindsay et al., 1997). The pirellulo- 
some region contains the nucleoid and most of 
the RNA. A structure analogous to the pirellu- 
losome has also been reported in Planctomyces 
maris, Isosphaera pallida, Gemmata obscuriglo- 
bus and ‘‘Candidatus Brocadia anammoxidans” 
(Lindsay et al., 2001). Additional compartments 
are seen within G. obscuriglobus (see Gem- 
mata), i.e., a double-layered membrane encloses 
the nucleoid, and within ‘'Candidatus Brocadia 
anammoxidans,” i.e., a single membrane encloses 
each anammoxosome. This shared cellular orga- 
nization has not been previously reported in 
other bacteria and appears to be both a taxo- 
nomically and a phylogenetically significant 
character common to all planctomycetes so far 
examined (see Figs. 7-11). The anammoxosome 
(Fig. 10) is correlated with production of the 
unique ladderane lipid discussed above; the 
ladderane structure is suitable for creating a 
membrane barrier sealing off this compartment, 
which is postulated to contain toxic intermedi- 
ates of ammonium oxidation metabolism like 
hydrazine, from the remainder of the cell includ- 
ing the DNA and ribosomes. 



Genomic Organization 

Genome Size 

Genome size in the planctomycetes, according to 
physical analysis methods, appears to be in the 
upper range for bacteria (i.e., 5.2 Mb in P. lim- 
nophilus to greater than 9 Mb in G. obscuriglo- 
bus', Ward-Rainey et al., 1996b). DNA-DNA 
reassociation techniques have also been used to 
investigate genome size in a number of strains 
(Kolbel-Boelke et al., 1985). The apparent large 
genome size of planctomycetes is not surprising, 
given that the majority of planctomycetes, both 
cultured and uncultured, have been found in ter- 
restrial and aquatic samples and are therefore 
assumed to be free-living. Free-living organisms 
require greater nutritional versatility and other 
types of adaptability than their relatives engaged 
in parasitic and mutualistic relationships and 
therefore greater coding capacity and larger 
genomes (Peterson and Fraser, 2001). A rela- 
tively large genome has been suggested to bene- 
fit bacteria living in fluctuating environments, 
giving them the genetic flexibility to adapt to 
changing conditions (Roussel et al., 1994). The 
apparent association between the occurrence of 
blooms of some Planctomyces species and the 
eutrophication process raises the possibility that 
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Pirellula 



Isosphaera 



pirelluloseome 

(riboplasm) 




Fig. 7. Diagrams of cell organization and compartmentalization in A) Pirellula marina and Isosphaera pallida (also applies 
to Planctomyces maris) and B) ''Candidatus Brocadia anammoxidans” and Gemmata obscuriglobus . The varieties of cell 
compartmentalization found in different planctomycetes are shown, as well as the underlying similarities in topology of their 
internal organization (i.e., possession of paryphoplasm compartment and ICM). ICM, intracytoplasmic membrane; CW, cell 
wall; and CM, cytoplasmic membrane. From Lindsay et al. (2001). 



in some strains part of the genome may be 
devoted to the exploitation of changing nutri- 
tional conditions during eutrophication. It 
should be noted, however, that these species 
have not yet been confirmed as planctomycetes 
using phylogenetic/molecular approaches, 
although it seems likely that they will be at some 
point. 

The morphological complexity and lifecycle of 
planctomycetes may also necessitate a large 
genome. Large genomes are associated with the 
ability to undergo complex differentiation, e.g.. 



in Streptomyces species (8000 kb; Kieser et al., 
1992; Leblond et al., 1993) and Myxococcus xan- 
thus (9500 kb; Chen et al., 1991). The majority of 
planctomycetes possess some form of cellular 
appendage and have a dimorphic lifecycle. It is 
conceivable that a significant genetic burden 
would be imposed by the synthesis of stalks, 
holdfast material, fimbrae and flagella. An alter- 
native explanation is that extensive genome 
duplication and rearrangement, such as has been 
found in the large genomes of members of the 
genus Streptomyces (Kieser et al., 1992; Leblond 





Fig. 8. Transmission electron micrograph of a thin section of a cryosubstituted cell of A) Pirellula marina and B) Pirellula 
staleyi displaying compartmentalization into pirellulosome (PI) and paryphoplasm (P) separated by the intracytoplasmic 
membrane (ICM). The nucleoid (N) is contained within the pirellulosome and thus compartmentalized and surrounded by 
the single ICM. Bar is 0.1 mm. From Lindsay et al. (1997). 




Fig. 9. Transmission electron micrograph of a thin section 
of a cryosubstituted cell of Isosphaera pallida displaying a 
central single intracytoplasmic membrane (ICM) -bounded 
invagination of the relatively electron-dense paryphoplasm 
(P); the other cell compartment, equivalent to a pirellulo- 
some, contains ribosome-like particles (R). Compare with 
Fig. 7, diagram of planctomycete cell plans. Bar is 0.2 mm. 
From Lindsay et al. (2001). 




Fig. 10. Transmission electron micrograph of a thin section 
of a cryosubstituted cell of ''Candidatus Brocadia anammox- 
idans” from a bioreactor performing anaerobic ammonium 
oxidation. A central anammoxosome (A) is surrounded by a 
single membrane (AM). The cytoplasm external to the AM 
contains the nucleoid (N) and ribosome-like particles and is 
surrounded by the intracytoplasmic membrane (ICM). A 
paryphoplasm (P) lies at the rim of the cell between the ICM 
and the cytoplasmic membrane closely apposed to the cell 
wall. Tubule structures are visible inside the anammoxo- 
some. Bar is 0.1 mm. Courtesy of M. Strous, R.I. Webb, and 
J.A. Fuerst. 
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Fig. 11. A) Transmission electron micrograph of thin section of cryosubstituted Gemmata obscuriglobus. A nuclear body 
containing the fibrillar nucleoid (N) and surrounded by a nuclear envelope (E) consisting of two membranes is visible at the 
right side of the cell. Ribosome-like particles are visible lining the inner side of the nuclear envelope (arrowheads). Riboplasm 
(R) occurs in two regions, one surrounding the nucleoid within the nuclear body and the other in a larger region surrounding 
the nuclear body. The cell is rimmed by an electron-dense paryphoplasm (P) and the intracytoplasmic membrane (ICM). Bar 
is 0.2 mm. From Lindsay et al. (2001). B) Transmission electron micrograph of a thin section of a cryosubstituted Gemmata 
obscuriglobus bud cell with large nuclear body containing an extensive fibrillar nucleoid (N) bounded by nuclear envelope 
(E) consisting of two membranes between which is a clear electron-transparent space. The nuclear body contains ribosome- 
like particles as well as the nucleoid. It is surrounded by cytoplasm which contains superficially similar ribosome-like particles 
and is bounded by a single ICM. The cell external to this ICM is rimmed by a paryphoplasm containing relatively electron- 
dense cytoplasm (P). Bar is 0.2 mm. Inset: enlarged view of envelope of bud cell showing a bilayered cytoplasmic membrane 
(CM) underneath the cell wall (W) but closely apposed to that wall. Paryphoplasm (P) is bounded peripherally by the 
cytoplasmic membrane (CM) and internally by the ICM. Bar is 20 nm. From Lindsay et al. (2001). Bar is 0.5 mm. From 
Fuerst and Webb (1991). 



et al, 1993), have also occurred in the plancto- 
mycetes. Data indicating multiple chromosomal 
loci for some key housekeeping genes in three 
planctomycete strains (see below) lend credence 
to this hypothesis. 

It is to be expected that the ongoing plancto- 
mycete genome sequencing projects (see Whole- 
Genome Sequencing Studies) will allow us to 
better understand the relationship between the 
free-living lifestyle of the planctomycetes and 
their genome size and complexity. 



Genome Topology 

The chromosome of PL limnophilus was shown 
to be a circular molecule (Ward-Rainey et al., 
1996b), as are the vast majority of bacterial 
strains investigated so far (Cole and Saint 
Girons, 1994; Fonstein and Haselkorn, 1995; see 
also completed genome sequencing projects). 
However, the phylogenetic depth within the 
order Planctomycetales is as great as that within 
the class Proteobacteria and the order Spiro- 
chetales (groups which exhibit considerable 
diversity in chromosomal topology); therefore. 



the presence of a single, circular chromosome 
in the planctomycete strains studied so far does 
not imply that all planctomycete genomes are 
circular. 

Ward-Rainey et al. (1996b) reported the pres- 
ence of an extrachromosomal element in PL 
limnophilus detected by pulsed field gel 
electrophoresis (PFGE) of undigested chromo- 
somal DNA, and application of the same tech- 
nique to Pi. marina also revealed a plasmid 
species in this strain (Ward-Rainey, 1996a). The 
presence of extrachromosomal DNA in some 
planctomycete strains suggests that plasmid 
transfer or plasmid-mediated conjugal transfer 
of chromosomal DNA may occur, but as yet 
there are no reports in the literature of genetic 
mechanisms in planctomycetes, although 
genomic evidence for conjugation {tra genes) has 
been reported in G. obscuriglobus (Jenkins et al., 
2002 ). 



Gene Distribution 

Physical mapping of planctomycete genomes (PL 
limnophilus. Pi. marina, and Pirellula strain 140) 
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using probes for conserved housekeeping genes 
suggested that: 1) the chromosomal location of 
these genes varied greatly between strains, 2) the 
genes coding for 16S rRNA (rrs) and 23S rRNA 
(rrl) are separated in the genomes of all three 
strains investigated, and 3) more than one chro- 
mosomal locus exists for several of the genetic 
markers (Ward-Rainey, 1996a; Ward-Rainey et 
al., 1996b). Unlinked rrn organization had been 
previously reported for the planctomycete spe- 
cies Pirellula marina (Liesack and Stackebrandt, 
1989) and Planctomyces limnophilus (Menke 
et al., 1991). The organization of the five sets of 
rrn genes in Gemmata obscuriglobus could not 
be unambiguously determined either by the 
ribotyping approach (Menke et al., 1991) or by 
using PFGE techniques (Ward-Rainey, 1996a). 
In contrast, Isosphaera pallida and related bac- 
teria appear to possess the more typical rRNA 
gene linkage (Ward-Rainey, 1996a). The dis- 
jointed rrn organization has also been reported 
in phylogenetically unrelated lineages such as 
Thermus and Thermotoga (Menke et al., 1991). 
The lack of phylogenetic relationship between 
these taxa suggests that this feature has arisen 
independently in multiple lineages within the 
Bacteria and is not a phylogenetically significant 
marker. 



Whole-genome Sequencing 

Partial genome sequence data became available 
for Gemmata obscuriglobus and Pirellula marina 
(Jenkins et al., 2002), providing the first glimpse 
into the planctomycete genome. Many of the 
genes discovered by this sequence tag approach 
(including those for metabolism, transport, reg- 
ulation, translation, and DNA replication) are 
consistent with the known biology of the strains. 
Interestingly, there were also significant matches 
to nuclear genes from members of the domain 
Eukarya that may have arisen by horizontal gene 
transfer events. 

Whole-genome sequencing projects have 
been initiated for the type strain of G. obscuri- 
globus (TIGR website) and Gemmata sp. Strain 
Wal-1. A complete genome sequence is available 
for Pirellula sp. strain 1 (Glockner et al., 2003; 
Real Environmental Genomics website). These 
studies will almost certainly shed further light 
on the genomic basis of planctomycete biology. 
Genomic and proteomic studies of Pirellula sp. 
strain 1 have already identified genes involved 
in A-acetylglucosamine metabolism (Rabus et 
al., 2002), which may be a key process in marine 
systems where Pirellula species are abundant 
(Llobet-Brossa et al, 1998; Glockner et al, 
1999). 



The Infancy of Planctomycete Genetics 

As discussed above, the late 1990s was a period 
of relatively intense activity in the field of planc- 
tomycete biology. One of the welcome by- 
products of these research efforts is that planc- 
tomycetes are becoming more widely known 
amongst the general community of microbiolo- 
gists, resulting in renewed interest in the organ- 
isms from various perspectives. A recent study 
by Leary et al. (1998) provides an example of the 
application of the tools of molecular biology to 
begin to determine mechanisms of genetic con- 
trol in the planctomycetes. The rpoN gene, which 
encodes the alternative sigma factor was 
cloned from PL limnophilus and shown to com- 
plement the Ntr“ phenotype of a Salmonella 
typhimurium rpoN mutant strain and to share 
significant homology with other members of the 
family. This alternate sigma factor has been 
found in several phylogenetic lineages within the 
domain Bacteria and is involved in diverse met- 
abolic functions such as nitrogen fixation, hydro- 
gen metabolism, and degradation of aromatic 
compounds (Kustu et al., 1989). Thus the detec- 
tion of G^"^ in a member of the planctomycetes 
suggests many further avenues to explore, 
including determination of the promoters in PL 
limnophilus with which g^"^ participates in tran- 
scription and identification of structure-function 
relationships in the group as a whole. 

An experimental system for gene transfer to 
model planctomycetes will be needed for sub- 
stantial future progress in cell biology of planc- 
tomycetes, to take full advantage of established 
and emerging technologies such as fusions with 
green fiuorescent protein (GFP) to localize 
proteins likely to be involved in compartmen- 
talization. So far foreign genes or plasmids have 
been introduced only once into a plancto- 
mycete. The GFP-encoding plasmid with the gfp 
gene under control of a lac promoter was trans- 
ferred via conjugation from Pseudomonas 
putida into Planctomyces maris, with successful 
expression of the fiuorescent GFP protein 
(Dahlberg et al., 1998). Extension of such gene 
transfer to other planctomycetes will open new 
areas of planctomycete cell biology to experi- 
mental investigation. 

The Described Genera 

The order Planctomycetales comprises four gen- 
era, containing only 10 species. Of these species, 
only seven have been cultured. Three of the six 
species of Planctomyces, including the so far 
uncultured type species PI bekefii (Gimesi, 
1924), are validly described on the basis of their 
morphological properties (Starr and Schmidt, 
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1984), a procedure allowed for by rule 18a of the 
International Code of Nomenclature of Bacteria 
(Lapage et al, 1992). Two Candidatus status 
genera, “Brocadia” and “Kuenenia,” have been 
proposed for the anaerobic ammonium oxidizers 
(Strous et al., 1999; Schmid et al., 2000), and a 
third genus, “Scalindua,” is in the process of 
being proposed (Schmid et al., 2003; see Ecology 
and Physiology). 

Planctomyces 

Since the first report of PL bekefii by Gimesi 
(1924), limnologists and bacteriologists have 
periodically reported similar organisms and 
ascribed several new species and generic names 
to these bacteria. Isolates of Planctomyces spp. 
were not obtained until the late 1970s (Bauld and 
Staley, 1976; Hirsch et al., 1977; Schmidt, 1978a). 
Even today, PI bekefii, PL guttaeformis and PL 
stranskae, as well as several other unrecognized 
species, remain unisolated although they are 
common residents of freshwater habitats. Their 
phylogenetic relationships to planctomycetes 
have also not yet been confirmed by molecular 
sequencing or oligonucleotide probing. 

HABITAT. These bacteria have been isolated 
from (or observed microscopically in) freshwa- 
ter, marine and saline habitats. Unicellular forms 
are frequently found attached to other organisms 
in the environment (Fig. 12). They attach by a 
holdfast structure located at the tip of the stalk. 
Species with the most striking morphology, such 
as PL bekefii, occur in the plankton of freshwater 



Fig. 12. A lone Planctomyces cell attached by its stalk to a 
sheathed cyanobacterial filament in a sample collected from 
Lake Washington. Presumably the flexible stalk acts as a 
tether, allowing the cell to be moved by water currents while 
the holdfast anchors the cell to the cyanobacterial filament. 
Cell diameter is about 1 mm. Electron micrograph. 



lakes as microcolonies of free-floating rosettes 
(Fig. 13). It is not known how they can specifi- 
cally associate with one another to form these 
rosettes in the natural habitat. The colonial forms 
(perhaps because of their peculiar cell envelope 
structure) do not appear to occur in soft-water 
(low osmotic pressure) habitats. They are most 
common during the summer and early fall. 




Fig. 13. Phase photomicrographs of a rosette-forming spe- 
cies of Planctomyces from University Lake, Chapel Hill, 
North Carolina, a) Note the encrustation in the central hold- 
fast region of the rosette owing to deposition of iron and/or 
manganese oxides, b) Arrows point to buds. Bar is 2.0 mm. 
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particularly in eutrophic lakes. For example, in 
North America they are found in eutrophic lakes 
in the Midwest (Wintergreen Lake near Kalam- 
azoo, Michigan) and Southeast (University Lake 
near Chapel Hill, North Carolina, as well as most 
other lakes of the Carolina and Virginia Pied- 
mont; J. Staley, unpublished observations). These 
colonial forms have also been reported to occur 
in eutrophic ponds in Arizona (Starr and 
Schmidt, 1984). In contrast, rosette-forming spe- 
cies have not been reported in the mesotrophic 
to eutrophic soft-water lakes of the Pacific 
Northwest such as Lake Washington in Seattle, 
where unicellular forms are found (J. Staley, 
unpublished observations; see Fig. 12). 

Planctomyces spp. have been enumerated in a 
variety of Australian freshwater habitats using 
Most-Probable-Number (MPN) techniques with 
a dilute peptone broth medium (0.01%). They 
were found in habitats of all trophic states and 
their proportion to total viable heterotrophs by 
this procedure (about 0.025%) was essentially 
the same, regardless of the trophic state of the 
habitat (Staley et al., 1980). Thus, higher concen- 
trations were found in eutrophic habitats that 
contained correspondingly higher concentra- 
tions of heterotrophic bacteria than did the less 
nutrient-rich habitats. 

ISOLATION: SAMPLE COLLECTION. 

Water samples (200 ml or more) should be 
collected aseptically from the environment. If 
enrichments are to be prepared at the day of 
sampling, samples can be kept at the collection 
temperature. F^or periods longer than 12-24 h, it 
is advisable to refrigerate. In situ temperature 
and salinity should be known since these param- 
eters will determine the appropriate conditions 
for enrichment and isolation. 

DIRECT ISOLATION AND ENRICH- 
MENT METHODS. Because these organisms 
occur in low numbers in most natural environ- 
ments, they usually have to be enriched. 
Although they are very distinctive morphologi- 
cally, they have few physiological features that 
can be used for the development of enrichment 
and isolation procedures. The addition of peni- 
cillin G (1,000-2,000 U/ml) or other antibiotics 
that inhibit peptidoglycan synthesis may be used 
with some success (Schmidt and Starr, 1981a; 
Schlesner, 1994; Wang et al., 2002), at least at the 
time of plating, since all isolated strains lack 
peptidoglycan. Use of protein synthesis inhibi- 
tors and antifungal agents may also aid isolation 
of planctomycetes (Schlesner, 1994; Wang et al., 
2002 ). 

In some cases, it may be possible to isolate 
strains from natural samples by direct streaking 
of the sample onto an appropriate agar medium. 
For example, Hirsch et al. (1977) describe a 
water agar plating procedure used successfully 



for the isolation of Planctomyces limnophilus. 
Likewise, P brasiliensis was isolated directly 
from a salt pit sample from Brazil (Schlesner, 
1989) by streaking on a saline medium “M13” 
(described in Pirellula). 

A variety of techniques have been applied for 
the enrichment of Planctomyces when numbers 
from the environment are low. A common pro- 
cedure is to use the dilute peptone enrichment 
procedure described for Prosthecomicrohium 
and Ancalomicrohium (see The Genera Prosth- 
ecomicrohium, Ancalomicrohium, and Prosthe- 
cobacter in the second edition). Peptone (Bauld 
and Staley, 1976) is added to a freshly collected 
natural sample to a final concentration of 0.01% 
(or peptone and yeast extract at 0.005% each) 
and the enrichment incubated at room tempera- 
ture (or the temperature of the environment 
from which it was collected). Schmidt (1978a) 
used somewhat lower concentrations of peptone 
ranging from 0.002 to 0.005% in her enrichments. 

Hirsch and Muller (1985) have described other 
procedures that have been used successfully in 
the enrichment of Planctomyces spp. 1) In addi- 
tion to using media with low nutrient concentra- 
tions, they have incubated water samples directly 
with no nutrient addition in either light or dark 
for periods of 4-16 weeks. 2) Another procedure 
entails hanging sterile glass slides into fresh or 
stored water samples and incubating in the 
light at 20° C. This is reminiscent of the original 
Henrici procedure in which submerged slides 
were used to detect periphytic bacteria in lakes 
(Henrici and Johnson, 1935). When interesting 
forms appear, material is scraped from the slide 
with a sterile scalpel and streaked onto an isola- 
tion medium. 3) In a different procedure, sterile 
glass coverslips, some coated with 2% water 
agar, were inserted vertically into a sterile water 
agar layer (2 cm deep) in Petri dishes to which 
was added sufficient sample water to cover the 
coverslips. Coverslips were examined periodi- 
cally by phase microscopy for the attachment of 
budding bacteria. When coverslips contained 
organisms of interest, replicate ones were 
removed and material streaked for isolation 
(Hirsch et al., 1977). 

ISOLATION PROCEDURES. Enrichments 
are examined periodically by phase microscopy 
to identify types characteristic of the genus: 
spherical to ovoid cells (oftentimes large [i.e., 
>1.0 pm in diameter]) that attach to detritus or 
other cells (especially sheathed organisms) and 
that produce polar to subpolar buds and stalks. 
The stalks may not be sufficiently thick to be 
seen by phase microscopy, so to identify these it 
is advisable to examine samples from prospec- 
tive enrichments with the transmission electron 
microscope, by preparing negative stains of 
enrichment culture material (Fig. 14). Positive 
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Fig. 14. An unidentified rosette-forming species of Plancto- 
myces from a 0.01% peptone enrichment culture of water 
collected from the Mississippi River in Minneapolis. Bar is 
5.0 mm. 



enrichment samples are streaked or dilutions 
spread (spread 0.1 ml samples from 10“^ to 10 ^^ 
dilutions) on agar media. Media that have been 
used successfully for this purpose include PYGV 
medium or PYG medium (same as PYGV, but 
without vitamins; Staley, 1968). 



PYGV Medium 



Peptone 
Yeast extract 
Glucose 

Hutner’s salts solution (see The 
Genera Prosthecomicrobium, 
Ancalomicrobium, and 
Prosthecobacter in the second 
edition) 

Vitamin solution (see Pirellula) 
Agar 



0.025% 

0.025% 

0.025% 

20 ml/liter 



10 ml/liter 
1.5% 



For freshwater strains, add distilled water; for marine 
strains, add aged seawater or artificial seawater solution 
at half- or full-strength (see Pirellula); for strains from 
other saline or brackish sources, use an appropriate salt 
solution mimicking that of the environment. Adjust the 
pH to 7.0 before autoclaving. 



Schmidt and Starr (1981a) recommend using 
one of three other media for streaking from 
enrichment culture material. One medium con- 
tains 0.02% peptone, 0.01% yeast extract, 0.1% 
filter-sterilized glucose or galactose, 10 ml of 
Hutner’s mineral base (Cohen-Bazire et al., 
1957), 5 mM MgS 04 • 7 H 2 O, and 1.0 or 1.5% 
agar. Their second medium contains 0.04% pep- 
tone, 0.02% yeast extract, 5 or 10 mM magne- 
sium sulfate, and 1.0 or 1.5% agar made up in 
either tap water or distilled water to which 10 ml 
of the Hutner’s salts solution is added. The pH 
of this medium can be adjusted above 7.0 for 
alkaline samples using 0.005 M tris [hydroxyme- 
thyl] aminomethane (Trizma) buffer (Sigma 
Chemical Co., St. Louis, MO). Usually a pH of 



7.8 or 8.0 is used. Their final medium contains 
0.2% peptone, 0.1% yeast extract, Hutner’s 
salts solution (10 ml/liter), and 5 mM magne- 
sium sulfate, with 1.0 or 1.5% agar made up with 
distilled or tap water. Autolysis of osmotically 
unstable strains can occur in this latter medium. 

Colonies of Planctomyces spp. develop slowly. 
Cultures from primary plates need to be incu- 
bated for at least one week, and often more than 
a month is required before they fully develop. 
One of the most striking characteristics of the 
colonies is that they continue to develop after 
most other colony types have stopped growing 
and are beginning to recede. Typical colonies of 
the Planctomyces types as well as Pirellula per- 
sist and form impressive mounds about a month 
after streaking when incubating at room temper- 
ature. Colonies may be pigmented (light rose, 
bright red, or yellow to ochre) or they may be 
unpigmented. 

Repeated restreaking may be necessary to 
purify some strains. Indeed, some strains cannot 
be readily isolated even after several restreaking 
attempts, but some of these can be maintained in 
monoxenic culture with another heterotrophic 
bacterium (J. Staley, unpublished observations). 

IDENTIFICATION. Members of the genus 
Planctomyces are budding organisms in which 
the daughter cells are motile by means of a sub- 
polar flagellum. Subsequently, in their transition 
to the reproductive stage, these cells form non- 
cellular, fibrillar, tubular, ribbon-like or rope- 
like stalks; their presence in the three cultured 
species {PI limnophilus, PL brasiliensis and PL 
marts) can only be observed by electron micros- 
copy (Bauld and Staley, 1976). Thus, the most 
direct means to verify the identity of putative 
Planctomyces isolates is by transmission electron 
microscopy (see Figs. 10 and 12). Whole cell 
preparations that are negatively stained should 
show the typical spherical to ovoid cell types with 
polar stalks. Stalks are the primary characteristic 
used to distinguish Planctomyces from Gemmata 
and Pirellula. Although stalks have been infre- 
quently reported from these latter two genera, 
they are quite rare and often nondistinctive. In 
contrast, stalks are very common in Planctomy- 
ces spp. Indeed, in a typical growing preparation 
of Planctomyces spp., all mature, budding cells 
would be expected to bear a stalk. 

Classification of species in the genus has been 
based largely upon morphological attributes, 
especially for types that have not yet been iso- 
lated. Schmidt and Starr (Schmidt and Starr, 
1978b; Schmidt and Starr, 1979) and Starr and 
Schmidt (1989) classified this genus into five 
morphotypes, I-V. Cells of morphotype I are 
spherical, joined together in rosettes, as repre- 
sented by Planctomyces bekefii (Figs. 13 and 15). 
Cells of morphotype HI are ellipsoidal and are 
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Fig. 15. An electron micrograph of an organism that resem- 
bles Planctomyces bekefli. Though this organism is similar to 
PI. bekefli, note that its cells have two to four or more very 
long prominent filiform appendages extending outward from 
each cell of the rosette near the reproductive pole rather than 
several shorter ones characteristic of P bekefli (see Fig. 2). 
This type of Planctomyces is common in lakes in the south- 
eastern United States. From University Lake, Chapel Hill, 
North Carolina. Bar is 2.0 mm. 



represented by the isolated species, PI maris, PL 
limnophilus and PI hrasiliensis. Cells of morpho- 
type V are bulbiform-shaped and form rosettes 
(Figs. 16 and 17). PI guttaeformis and PL strans- 
kae are members of this group. No species names 
have been proposed for morphotypes II and IV, 
cells of which are ovoid. However, one member 
of morphotype IV is now classified as Pirellula 
staleyi. One possible future application of the 
morphotype scheme would be in combination 
with taxon-specific labeled oligonucleotide 
probe-based FISH. The physical distinctiveness 
of the individual morphotypes could thus allow 
determination of their phylogenetic position in 
relation to other planctomycete species, in the 
absence of cultured isolates. Fuerst (1995) sug- 
gested cloning of 16S rDNA amplified from 
micromanipulated cells and FISH using planc- 
tomycete-specific fluorescent oligo probes. 

Ultrastructure of cultured Planctomyces spe- 
cies (e.g., PL marls) conforms to the cell plan 
shared by other planctomycetes (Lindsay et al., 
2001 ). 

Pure cultures are available of three described 
species, all of morphotype HI, including PI marls 
(Fig. 18), Planctomyces limnophilus and PI hra- 
slllensls. The stalks on these species are so fine 
they cannot be discerned by observation with the 
phase contrast microscope. When observed by 
the electron microscope, the stalk can be seen to 
contain a number of fine fibrils bundled together 
to form a fascicle that emanates at one pole of 
the ellipsoidal cells. This stalk develops at the 
pole near the site of the subpolar flagellum. 



a 

I 

b 




Fig. 16. Rosettes of Planctomyces guttaeformis. a) Note the 
bulbiform cells that are joined together at their narrow poles. 
Also note the long spike appendage extending away from the 
bulbous reproductive pole of mature cells in the rosette, b) 
Another rosette from same locale contains budding cells at 
different stages of development. Buds begin as spherical pro- 
tuberances but then become bulbiform. Several cells in this 
rosette are lysed. From University Lake, Chapel Hill, North 
Carolina. Bar is 5.0 mm. 




Fig. 17. Planctomyces stranskae collected from Kiwanis Park 
in Tempe, Arizona. Cells of this species do not develop ter- 
minal spikes. Bar is 1.0 mm. Courtesy of Jean Schmidt. 




CHAPTER 8.1 



The Order Planctomycetales 111 




Fig. 18. Shadowed electron micrograph of cells of Plancto- 
myces mans. Note the polar to subpolar buds, fibrillar stalks, 
subpolar flagella, and peritrichous fimbriae. Bar is 1.0 mm. 




Fig. 19. A phase photomicrograph of a small rosette-forming 
species of Planctomyces from University Lake, St. Lucia, 
Australia, showing heavy deposition of iron and or manga- 
nese oxides on the stalks. Bar is 10 mm. 



Table 5. Differentiation among isolated species of Planctomyces. 



Character 


P. marls 


P. llmnophllus 


P. brasiliensis 


Cell shape; maximum cell diameter 


Ovoid; 1.5 pm 


Ovoid; 1.5 pm 


Spheroid; 1.8 pm 


Source 


Marine 


Fresh water 


Salt pit 


Colony pigmentation 


Colorless to light rose 


Red 


Yellow 


Salinity growth range (%) 


1. 5-4.0 


<1.0 


0.7-10.0 


NaCl growth range (mM) 


100->300 


ND 


100-170 


Temperature growth range (°C) 


6-38 


17-39 


ND 


G-fC content (mol%) 


51 


53 


55-58 


Genome size (xlO^Da) 


3.62 


2.67 


2.81 



Abbreviation: ND, not determined. 



These species are differentiated by 16S rRNA 
gene sequence, salt requirements for growth, and 
various other morphological and physiological 
characteristics (Table 5). 

All cultured isolates have dimorphic life 
cycles. Reproduction occurs by budding, in 
which the cell envelope of the daughter bud is 
formed de novo (Staley, 1973; Tekniepe et al, 
1981). Daughter cells are motile by a polar to 
subpolar flagellum. Though they lack stalks ini- 
tially, these are formed as part of their matura- 
tion process in a fashion that is analogous to that 
of Caulobacter (although the stalks of Plancto- 
myces spp. are not prosthecae). 

All three of these species are heterotrophic 
organisms that grow aerobically. Various mono- 
and dissacharides are used, including glucose, 
galactose, cellobiose, maltose and N- 
acetylglucosamine. Planctomyces marls and PI 
brasiliensis also use glucuronic acid. Ammonium 
salts can be used as the sole nitrogen source by 
PL marls and PI llmnophllus. Vitamins are not 
required by any of the isolates. 



The characteristics of the other unisolated but 
currently recognized species are given in Table 
6. All of these species produce large, conspicuous 
rosettes in the natural freshwater habitats in 
which they occur. Each cell of PL bekefil pro- 
duces a distinctive thick stalk that terminates in 
a holdfast. The stalk is a tubular structure com- 
prising many fibrils (Schmidt and Starr, 1980a, 
b). The holdfasts enable cells to join together in 
the natural habitat to form rosettes (Figs. 13 and 
15). Some colonial forms such as PL bekefil can 
develop stalk encrustations (Fig. 19) containing 
iron and/or manganese oxides (Schmidt et al., 
1981b; see Ecology and Physiology). 

The most characteristic feature of PI guttae- 
formls and PL stranskae is their bulbiform cells 
(Starr and Schmidt, 1984), which are joined 
together at their narrow poles to form rosettes 
(Figs. 14 and 15). In addition, PL guttaeformls 
produces a long terminal spike from its large 
pole, a feature lacking in PL stranskae. 

The use of 16S rRNA gene sequences for iden- 
tification and classification of cultured isolates. 
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Table 6. Differentiation among recognized species of Planctomyces that have not yet been isolated in pure culture.^ 



Characteristic 


P. bekefli 


P stranskae 


P guttaeformis 


Cell shape 


Spherical 


Bulbiform 


Bulbiform 


Stalk 


Tubular 


Absent 


Absent 


Other appendages 


Fimbriae and larger spikes'" 


Fimbriae only 


Fimbriae and a single, long tapering spike 



^At least two variants (species?) exist. One type has several shorter spikes (see Fig. 2) whereas another type has fewer, very 
long spikes (see Fig. 3). 



now so widespread as to be almost universal, 
allows strains tentatively identified as Plancto- 
myces spp. on the basis of light microscopy to be 
assigned to this genus, to other planctomycete 
genera, or to novel groupings (Ward et al, 1995; 
see also New Approaches to Identification). 

Pirellula 

HABITAT. Pirellula spp. and morphologically 
similar bacteria have been observed in and iso- 
lated from a variety of aquatic environments: 
freshwater (Staley, 1973; Tekniepe et al., 1981; 
Schlesner, 1994), brackish water (Gebers et al., 
1985; Kolbel-Boelke et al., 1985; Schlesner, 
1986a), hypersaline water of a salt pit (Gebers 
et al., 1985), hot springs of Tiberias in Israel 
(Kahan, 1961), groundwater (P. Hirsch, personal 
communication), alkaline water from ponds in a 
lime pit near Lagerdorf, Schleswig-Holstein, 
Germany (Schlesner, 1994), lakes rich in Na 2 S 04 , 
Na 2 C 03 and NaHCOa (“Lacken”) in Burgen- 
land, Austria, wastewater aeration lagoons of a 
sugar factory, marine and brackish water basins 
in an aquarium (Institut fur Meereskunde, Uni- 
versitat Kiel), water basins in a greenhouse in the 
botany garden of the University of Kiel, and 
even the pitcher trap of the insectivorous plant 
Nepenthes sp. (Schlesner, 1994). 

In spite of their widespread distribution, Pire- 
llula-Y[kQ bacteria are only occasionally observed 
in water samples. After storage at room temper- 
ature (a few days to some weeks), however, such 
organisms are often found in high numbers, espe- 
cially on the bottom or at the wall of the vessel. 
Obviously, the organisms live attached to sur- 
faces and only the swarmer cells are free in the 
water column. When the population is very 
dense, however, Pirellula-likc organisms may be 
found in high numbers in the free water. 

ISOLATION. Various methods have been suc- 
cessfully applied for the enrichment of Pirellula 
spp.: 1) Storage of samples in the laboratory; 2) 
addition of small amounts (0.005-0.01%) of pep- 
tone, yeast extract, or glucose to the water sample; 
3) addition of 0.1% chitin to the sample; and 4) 
addition of 0.1 % KNO 3 and anaerobic incubation. 

Isolation procedures take advantage of resis- 
tance to antibiotics that affect the biosynthesis of 



peptidoglycan and, furthermore, of the ability to 
utilize V-acetylglucosamine as sole carbon and 
nitrogen source (Schlesner, 1994). The salinity of 
the medium should not differ much from that of 
the natural environment, since many strains 
show a rather narrow salinity tolerance (H. 
Schlesner, unpublished observation). The follow- 
ing media have successfully been applied for iso- 
lation of strains of Pirellula spp.: 



Medium M 1 + A 
Solution 1 

CaCOs 5.0 g 

Na 2 HP 04 • 2 H 2 O 0.1 g 

MgS04 • 7 H 2 O 0.5 g 

Hutner’s basal salts (see below) 20 ml 
Gellan gum (Gelrite) 9.0 g 

Vitamin solution no. 6 10 ml 

Distilled water 920 ml 



Adjust pH to 9.0; autoclave 121“C for 20 min. 



Solution 2 

V-Acetylglucosamine 2.0 g 

Ampicillin sodium salt 0.2 g 

Distilled water 50 ml 

Adjust to pH 9.0, filter sterilize, and add to solution 1. 

Hutner’s Basal Salts (Cohen-Bazire et al., 1957) 

Nitrilotriacetate (NTA) 10.00 g 

MgS04 • 7 H 2 O 29.70 g 

CaCb • 2 H 2 O 3.34 g 

NaMo 04 • 2 H 2 O 12.67 mg 

FeS 04 • 7 H 2 O 99 mg 

Metal salt solution “44” (see below) 50 ml 
Double-distilled water 900 ml 



First dissolve the NTA by neutralization with KOH. Add 
the other salts. Adjust pH to 7.2 with KOH or H 2 SO 4 . 
Adjust volume to 1000 ml with double distilled water. 
Store cold (5°C) and clean. The solution is clear. 

Metal Salts Solution “44” 

Ethylene diamino tetraacetate (EDTA) 250.0 mg 



ZnS 04 • 7 H 2 O 1095.0 mg 

FeS 04 • 7 H 2 O 500.0 mg 

MnS 04 • H 2 O 154.0 mg 

CUSO 4 • 5 H 2 O 39.2 mg 

C 0 CI 2 • 6 H 2 O 20.3 mg 

Na 2 B 407 • IOH 2 O 17.7 mg 

Double-distilled water 1 liter 



To retard precipitation, add a few drops of H2SO4 before 
making to volume. Store cold ( 5 °C). 
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Vitamin Solution No. 6 (Staley, 1968) 



Biotin 4.0 mg 

Pyridoxine hydrochloride 20.0 mg 

Thiamine hydrochloride 10.0 mg 

Ca pantothenate 10.0 mg 

p-Aminobenzoic acid 10.0 mg 

Folic acid 4.0 mg 

Riboflavin 10.0 mg 

Nicotinamide or nicotinic acid 10.0 mg 

Vitamin B12 0.2 mg 

Double-distilled water 1 liter 



Stirring of the mixture improves dissolution. Sterilize by 
flltration only. Store dark and cold (5°C). 

Medium M 30 + A 



Solution 1 




Hutner’s basal salts 


20 ml 


Artificial seawater 


250 ml 


Buffer; 0.1 M Tris/HCl, pH 7.5 


50 ml 


Agar 


18 g 


Distilled water 

Autoclave at 121 °C for 20 min. 


630 ml 



Solution 2 



N-Acetylglucosamine 


2.0 g 


Na2HP04 • H 2 O 


0.1 g 


Ampicillin sodium salt 


0.2 g 


Vitamin solution no. 6 


10 ml 


Distilled water 


40 ml 


Add filter-sterilized to solution 1. 



Artificial Seawater (Lyman and Fleming, 1940) 



NaCl 


23.477 g 


MgCfi 


4.981 g 


Na2S04 


3.917 g 


CaCl2 


1.102 g 


KCl 


0.664 g 


NaHC03 


0.192 g 


KBr 


0.096 g 


H3BO3 


0.026 g 


SrCfi 


0.024 g 


NaF 


0.003 g 



Medium 31 + A 



storage of pure cultures, the above media should 
be enriched by adding 0.25 g of peptone and 
0.25 g of yeast extract to solution 1. Good results 
are also obtained with medium M 13. 



Medium M 13 (Schlesner, 1986a) 



Peptone 


0.2 g 


Yeast extract 


0.2 g 


Glucose 


0.2 g 


Hutner’s basal salts 


20 ml 


Vitamin solution no. 6 


10 ml 


Buffer: 0.1 M tris/HCl, pH 7.5 


50 ml 


Artificial seawater 


250 ml 


Distilled water 


670 ml 


IDENTIFICATION. Pirellula spp. are easily 



recognized by their morphology. The cells are 
ovoid, sometimes elliptical, or nearly spherical. 
They are polarly organized. From the smaller cell 
pole, holdfast substance is excreted which allows 
the cells to attach to surfaces or to each other 
and form rosettes (Fig. 20). Buds develop at the 
broader pole as a minor mirror image of the 
mother cell (Fig. 21). Immunoferritin labeling 
experiments have shown that at least the surface 
components of the new buds are synthesized de 
novo (Tekniepe et al., 1982). The buds are motile 
by means of a 20-nm thick single flagellum that 
is inserted polarly to subpolarly (Schlesner, 
1986a) at the proximate (reproductive) pole (see 
Fig. 1). 

Crateriform structures are scattered over the 
whole cell surface of the buds in the early 
developmental stage, while in adult cells their 
distribution is restricted to the reproductive pole 
only (Fig. 22 A). Adult cells also have fimbriae, 
originating from the crateriform structures (Fig. 
22 A). Another type of surface structure. 






Solution 1 




m m 


CaCfi • 2H2O 


0.1 g 




MgCfi • 6H2O 


0.1 g 


« « 


Hutner’s basal salts 


20 ml 


0 **• i\ «« 


Buffer; 0.1 M Tris/HCl, pH 7.5 50 ml 




Agar 


18.0 g 


'• •••• 


Distilled water 


880 ml 


* M •: « 


Adjust pH to 7.5; autoclave at 121°C for 20 min. 




lution 2 




, •• r , 


N- acetylglucosamine 


2.0 g 




Na2HP04 • 2 H 2 O 


0.1 g 


r i 


Ampicillin sodium salt 


0.2 g 


A . 


Vitamin solution no. 6 


10 ml 


Distilled water 


40 ml 





Adjust pH to 7.5, filter-sterilize, and add to solution 1. 



To minimize growth of fungi, cycloheximide 
(0.2 g/liter) may be added to solution 2 of each 
respective medium. For culturing or long-term 



Fig. 20. Phase photomicrograph illustrating rosette forma- 
tion by Pirellula marina. 
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described as “stacked disks” (Schmidt and Starr, 
1979), is shown in thin sections through the 
reproductive cell pole (Liesack et al, 1986). 

Ultrastructure of Pirellula marina and Pirel- 
lula staleyi in thin section conforms to the planc- 
tomycete cell plan, with the nucleoid enclosed 
within a membrane-bounded pirellulosome com- 
partment (Fig. 8). An unusual feature found on 
cells of two strains of Pirellula staleyi are hump- 
like prosthecate protrusions observed on either 
side of the cell (Butler et al., 2002; Fig. 22B). 

Colonies are red, pink or colorless. Pigmen- 
tation seems to be of taxonomic significance, as 
homology groups derived from DNA/DNA 
hybridization experiments with 54 strains 
contained either pigmented or unpigmented 
strains (Bartels and H. Schlesner, unpublished 
observations). 




1.0 pm 



Fig. 21. An electron micrograph of Pirellula marina showing 
a single polar bud. 



Phylogenetic clusters of Australian isolates 
from the prawn Penaeus monodon grouping 
loosely with Pirellula marina also were either 
pink-pigmented or nonpigmented (Fuerst et al., 
1997), with the pink strains most closely related 
to pink or red strains from Europe and forming 
a cluster distinct from Pi. marina. 

The phylogenetic position of seven strains 
of Pirellula spp. (including Pi. staleyi and Pi. 
marina), analyzed by 16S rRNA cataloging, 
showed a great phylogenetic diversity among 
these strains (Stackebrandt et al., 1986a). These 
findings were supported by analysis of 5S rRNA 
(Bomar et al., 1988) and subsequent 16S rRNA 
gene sequencing studies (Ward et al., 1995; 
Griepenburg et al., 1999). An isolate (ATCC 
35122), originally identified as Pirellula staleyi on 
the basis of morphology, has been confirmed by 
16S rRNA sequencing as Pirellula staleyi (Butler 
et al., 2002). 

Despite their phylogenetic diversity, the 
strains investigated are phenotypically very sim- 
ilar. As carbon sources, mainly sugars and sugar 
derivatives are utilized; A-acetylglucosamine 
serves as both carbon and nitrogen source. Sugar 
alcohols may or may not be utilized. Some 
strains are able to reduce nitrate anaerobically. 
All strains tested so far hydrolyze gelatin; casein, 
DNA or starch is hydrolyzed by some strains, but 
cellulose is not hydrolyzed at all. Additional 
methods will have to be applied to find more 
discriminating taxonomic characteristics. 

Two species are described. The type species is 
from freshwater: Pirellula staleyi (Schlesner and 
Hirsch, 1987), syn. Pirella staleyi (Schlesner and 
Hirsch, 1984), syn. Planctomyces staleyi (Starr 
et al., 1983), syn. Pasteuria ramosa (Staley, 1973). 
The other species is marine: Pirellula marina syn. 
Pirella marina (Schlesner, 1986a). The strain 




Fig. 22. A) Transmission electron micrograph of negatively stained cell of Pirellula staleyi (ATCC 35122) showing polar 
crateriform structures on cell surface (arrows) and polar flagella and fimbriae appendages. Micrograph courtesy of M. K. 
Butler and J. A. Fuerst. B) Transmission electron micrograph of thin section of cryosubstituted Pirellula staleyi ATCC 35122, 
showing hump-like protrusions (arrows) on either side of the cell. The typical Pirellula cell plan including the pirellulosome 
compartment is also illustrated here. Bar is 0.1 mm. From Butler et al. (2002). 
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ATCC 35122 was recently confirmed as a strain 
of Pi. staleyi on the basis of its molecular and 
ultrastructural characteristics (Butler et al, 
2002 ). 

Gemmata 

HABITAT. The genus Gemmata is at present 
represented by one species, G. obscuriglobus. 
The single strain UQM 2246 representing the 
single species was isolated from a single source, 
the surface waters of Maroon Dam, during a 
study of the microfiora of freshwaters in south- 
east Queensland, Australia (Franzmann and 
Skerman, 1984). Additional, as yet undescribed, 
Gemmata-liko bacteria have been isolated from 
leakage water from a compost heap (Schlesner, 
1994; Ward et al., 1995) and, more recently, from 
Australian soil (Wang et al., 2002). The latter is 
the first report of cultivated soil-dwelling Gem- 
mata strains; previously the only evidence for soil 
harboring planctomycetes was from molecular 
ecology studies (see Molecular Ecology). 

TAXONOMY. The discoverers of the strain 
recognized the similarities of this coccoid bud- 
ding bacterium to a strain of great significance 
in the history of Planctomycetales systematics, 
strain ATCC 27377, which at one time was pro- 
posed as the neotype of Pasteuria ramosa, but 
later transferred to the genus Planctomyces 



(Starr et al., 1983) and to the genus Pirella 
(Schlesner and Hirsch, 1984), a genus name later 
rejected in favor of Pirellula (Schlesner and 
Hirsch, 1987; see Pirellula for a detailed account 
of these changes). Franzmann and Skerman 
(1984) distinguished Gemmata obscuriglobus 
(UQM 2246) from ATCC 27377 by DNA base 
content, number of fiagella on swarmer cells, 
lack of a discrete holdfast, the possession of a 
phase-dark inclusion in Gemmata postulated to 
contain DNA, and several other phenotypic 
characters outlined in Table 7. Later molecular 
systematics investigation of the 16S rRNA and 
5S rRNA of G. obscuriglobus confirmed its sta- 
tus as a distinct genus and as a member of the 
phylogenetically distinct bacterial order Planc- 
tomycetales (Stackebrandt et al., 1986a; Bomar 
et al., 1988). Gemmata occupies a distinct posi- 
tion within the Planctomycetales phylogeneti- 
cally; both 16S rRNA and 5S rRNA sequence 
similarities with other Planctomycetales genera 
indicate that the root of the evolutionary tree 
derived for members of the order lies close to the 
point at which the ancestor of G. obscuriglobus 
branched off. Thus, this species is the deepest 
branching organism within the order Plan- 
ctomycetales (Stackebrandt et al., 1986a; Bomar 
et al., 1988; see Fig. 4). 

ISOLATION. The only existing strain of G. 
obscuriglobus, UQM 2246, was isolated from 



Table 7. Characteristics of Gemmata obscuriglobus UQM 2246 and strain ATCC 21311 . 



Character 


UQM2246" 


ATCC 27377'’ 


G+C content (mol%) 


6.4 ± 1.0 


5.7 


Cell shape 


“Puckered” spherical to ovoid 


Ovoid 


Cell size (pm) 


(1.4-3.0) X (1.4-3.0) 


(0.5-3.0) X (1.0-5.0) 


Crateriform structure distribution 


Uniform 


Polar 


Reproduction 


Budding 


Budding 


Gram reaction 


- 




Fimbriae 






Motile swarmer cells 






Flagellation 


Multitrichous 


Monotrichous 


Colony color 


Rose 


Yellow 


Catalase 






Oxidase 


- 




Anaerobic growth 


- 


- 


Generation time (h) 


13.1 ± 2.8 


ca. 13 


Growth temperature (°C) 


16.0-35.0 


17.7-29.6 


OF test 

Carbon source utilization 


Oxidative 


Oxidative 


Glucose 






Fructose 


- 




Pyruvate 






Attachment to glass 






Habitat 


Freshwater 


Freshwater 


Rosettes formed 


- 




Phase-dark inclusion 







Symbols and abbreviation; 

+, property present; property absent; and OF test, oxidative-fermentative test. 

""Data from Franzmann and Skerman (1984) supplemented by unpublished observation (J. A. Fuerst). 
‘’Data from Staley (1973) and Schlesner and Hirsch (1984). 
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the surface waters of the littoral zone of a fresh- 
water dam in subtropical Queensland, Australia. 
Micromanipulation using the equipment and 
methods of Skerman (1968) as applied by 
Franzmann (1983) was employed in the isolation. 
This method employs a micromanipulator con- 
sisting of a glass microtool attached to a magnet, 
which is in turn carried on a metal slide that is 
part of a lens “collar” screwed onto the micro- 
scope objective mounting. A Leitz 32x Phaco 
phase objective is used on a phase contrast 
microscope (preferably an Olympus CHA 
microscope equipped with a Reichert phase con- 
trast condenser or any system compatible with a 
Leitz 32x Phaco objective). The microtool is 
focused by moving the lens collar up and down 
on the objective mounting; once focused, it can 
be used to transfer cells on an agar surface across 
the surface and away from other cells by trapping 
cells in the water film around the microtool and 
moving the mechanical stage controls, the agar 
plate being mounted on the stage. The whole 
assembly can be placed in a UV-sterilizable Per- 
spex chamber or in a plastic bag with eyepiece 
holes to facilitate aseptic handling of plates. 
Nine-cm plastic Petri dishes containing 10 ml of 
lakewater agar (filtered lakewater solidified with 
1.5% Noble agar for optical clarity; see below for 
formula) are inoculated by running an approxi- 
mately 0.5-ml drop of sample water down the 
center of a plate which is surface-dried in 
advance. Storage of samples before inoculation 
should be avoided. Inoculated plates are allowed 
to remain horizontal until free moisture is 
absorbed. Plates are examined after 8 h incuba- 
tion at 28°C or until microcolony formation is 
apparent. Cells from microcolonies displaying 
cell morphology and size consistent with Gem- 
mata are manipulated away from the central 
inoculum line to a position on the surface of the 
same plate, well separated from the inoculation 
line. Position of a single cell can be marked using 
a microtool and an agar block circumscribing 
that area is excised with a sterile scalpel and 
transferred to a fresh lakewater agar plate or to 
a fresh lakewater peptone yeast extract agar 
plate (see formula below). Purity can be checked 
microscopically at each stage of the isolation. 
Strains can be maintained on soil extract agar 
supplemented with 0.1% glucose or on casitone 
yeast extract agar: Gemmata obscuriglobus and 
a strain closely related to Gemmata from soil 
(Wang et al., 2002) grow well on Ml agar of 
Schlesner based on A-acetylglucosamine as the 
carbon source (Schlesner, 1994). Strains of 
planctomycetes isolated more recently than G. 
obscuriglobus have been isolated using this or a 
similar medium combined with peptidoglycan 
synthesis-inhibiting ampicillin alone (Schlesner, 
1994) or ampicillin combined with the protein 



synthesis inhibitor streptomycin (Wang et al., 

2002 ). 

Lakewater Noble Agar (Franzmann and 
Skerman, 1981) 

Filter water from a eutrophic lake or pond 
through a 2-mm membrane filter and add Bacto 
Noble agar to 1.5%. Sterilize by autoclaving at 
121 °C for 20 min. 

Lakewater Peptone Yeast Extract Agar (Franzmann 
and Skerman, 1981) 

Bacto peptone 0.1 g 

Bacto yeast extract 0.1 g 

Bacto agar 15 g 

Filtered eutrophic lakewater 1 liter 

Filter the eutrophic lakewater through a 0.2-m mem- 
brane. Sterilize by autoclaving at 121 °C for 20 min. 

Casitone Yeast Extract Agar 



Bacto casitone 5 g 

Bacto yeast extract 3 g 

MgS04 • 7 H 2 O 2 g 

Bacto agar 15 g 

Distilled water 1 liter 



Adjust pH to 7.2, add the agar, and sterilize the medium 
by autoclaving at 121“C for 20 min. 

Soil Extract Agar with 0.1% Glucose 

I Soil 1000 g 

Distilled water 1 liter 

Mix soil with water and autoclave at 121 °C for 
20 min. Add 10 g of CaCOa and mix. Decant 
and filter liquid. Autoclave filtrate at 121 °C for 
20 min. and store as stock solution. To the stock 
solution, add agar to 1.5% and autoclave at 
121°C for 20 min. After autoclaving, add filter- 
sterilized glucose aseptically to the agar medium 
to give a final concentration of 0.1%. 

Additional Gemmata-like strains have been 
isolated from soil, freshwater, and the leakage 
water from a compost heap, using media formu- 
lated with antibiotics inhibiting cell-wall synthe- 
sis (combinations of ampicillin [200 |dg/ml], 
streptomycin [1000 |dg/ml] and cycloheximide 
[20-100 |dg/ml] or penicillin G [500 |dg/ml], 
streptomycin [1000 |dg/ml] and amphotericin B 
[Fungizone; 0.25-0.5 qg/ml]; Wang et al., 2002). 
The media used were freshwater media Ml or 
M31 (Schlesner, 1994; see Pirellula). 

IDENTIFICATION. Gemmata obscuriglobus 
is a budding, nonprosthecate aerobic organism 
with spherical to ovoid cells. Initial appearances 
from negative-stain transmission electron 
microscopy and phase contrast light microscopy 
(Fig. 23) suggest a spherical or ovoid shape. 

Consistent with the position of the genus 
within the order Planctomycetales, cells 
observed by negative staining possess crateri- 
form structures — circular areas on the cell that 
accumulate negative stain (Fig. 24). These are 
distributed all over the cell surface, similar to the 
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Fig. 23. Phase contrast photomicrograph of cells of 
Gemmata obscuriglobus (UQM 2246). Budding is displayed 
in addition to the superficially spherical cell shape. Bar is 
10 mm. 



distribution found in the genus Planctomyces, 
but unlike that in Pirellula species (Schlesner 
and Hirsch, 1984). Such crateriform structures 
have also been observed in metal-shadowed cell 
walls of G. obscuriglobus (Stackebrandt et al., 
1986b). The cell walls of G. obscuriglobus, like 
those of other Planctomycetales, lack pepti- 
doglycan and diaminopimelic acid and are also 
similar to those of other members of the order 
in the predominately proteinaceous composition 
of the wall (Stackebrandt et al., 1986b). In thin 
sections, the cell wall has the typical appearance 
expected for the peptidoglycan-less walls of 
Planctomycetales (Fig. 11), with inner and outer 
electron-dense layers separated by an electron- 
transparent layer, the inner layer being more 
electron-dense, as found for morphotype IV 
planctomycete ultrastructure by Tekniepe et al. 
(1981). Gemmata thus shares budding repro- 
duction, crateriform structures, and cell-wall 
composition with other genera of the Plancto- 
mycetales, and this relationship is confirmed by 
the high number of Planctomycetales-specific 
signature oligonucleotides present in the 16S 
rRNA oligonucleotide catalog of the genus 
(Stackebrandt et al., 1986a) and by the presence 
of the unique Planctomycetales-specific “short” 
5S rRNA with lack of insertion at position 66 
and numerous characteristic base-pair inversions 
(Bomar et al., 1988). 

In the initial study of G. obscuriglobus, 
Franzmann (1983) noted that in some thin- 
sectioned cells nuclear material was packaged in 
a discrete body within the cell and that this 
might be correlated with the appearance of 
phase-dark inclusions in light microscopy prepa- 
rations. Intracellular membrane material was 
commonly seen in thin sections, and although in 
some cases an appearance of membrane involve- 
ment with nuclear packages suggested that they 
may be membrane-bound structures, it was 




Fig. 24. Electron micrograph of a portion of a negatively 
stained cell of Gemmata obscuriglobus (UQM 2246), display- 
ing crateriform structures (C), which are electron-dense pits 
distributed uniformly over the cell surface. The arrow points 
to one example of such a structure; many others are visible 
on the cell surface displayed. Fimbriae are visible outside the 
cell perimeter. Negatively stained with 1% uranyl acetate 
supplemented with 0.4% sucrose. Bar is 0.2 mm. 



thought that this may be artifactual and further 
studies were required to resolve the nature of 
the nuclear packages. Such packages often con- 
sist of an appearance of fibrillar material within 
a shell of electron-dense amorphous material 
separating the material from the rest of the cell. 
Several such packages can occur within a single 
cell. A cell inclusion in G. obscuriglobus was 
indeed later confirmed as a DNA-containing 
body, surrounded by a double membrane, by 
transmission electron microscopy. This region 
was termed “the membrane-bounded nuclear 
body” (Fuerst and Webb, 1991, and Fig. IIA-C), 
although recent DAPI (4',6'-diamidino-2- 
phenylindole hydrochloride) studies suggest that 
it is the phase-light rather than phase-dark interior 
cell region in phase contrast microscopy which 
contains the DNA. Gemmata obscuriglobus 
structure (Fig. IIA, B) including the membrane- 
bounded nuclear body is particularly well- 
preserved by cryosubstitution (a technique that 
avoids some of the artifacts of chemical fixation, 
which in G. obscuriglobus can result in crescent- 
shaped cells due to osmotic shrinkage effects) 
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and can also be demonstrated by freeze-fracture 
techniques (Fuerst and Webb, 1991; Fig. IIC). 
This was the first example of cell compartmen- 
talization in planctomycetes, which was also 
later demonstrated in other planctomycete spe- 
cies (Lindsay et al, 1997; Lindsay et al, 2001). 
In addition to the membrane-bound nucleoid, 
the cell of G. obscuriglobus displays the com- 
mon features of all planctomycete compartmen- 
talization — an intracytoplasmic membrane and a 
paryphoplasm region, in this case at the outer 
rim of the cell (Fig. IIA, B). The intracytoplas- 
mic membrane is distinct from and not con- 
nected with the cytoplasmic membrane, which is 
closely apposed to the cell wall. Both the mem- 
brane-bounded nucleoid and the region between 
the nuclear envelope and the intracytoplasmic 
membrane contain electron-dense ribosome-like 
particles. The membrane-bounded nuclear body 
has also been found in new isolates phylogenet- 
ically most closely related to Gemmata (Wang 
et al., 2002) so that this character appears to be 
an ultrastructural feature of potential taxonomic 
significance for delineating members of the 
Gemmata genus. 

The recently isolated strains of Wang et al. 
(2002) conform to the general morphological 
properties of the genus Gemmata by having 
spherical cells bearing uniformly distributed 
crateriform structures, containing a membrane- 
bounded nuclear body and a distinct ribosome- 
containing compartment, and reproducing by 
budding. They also share most of the character- 
istic Gcmmata-specific 16S rRNA signature 
nucleotides and, like G. obscuriglobus, contain a 
10-base sequence insertion at E. coli position 998 
(Fuerst et al., 1991). On the basis of their 16S 
rDNA sequence similarity values, these strains 
probably represent novel species. 

All isolated Gemmata strains are pink or red 
in colony color (Franzmann and Skerman, 1984; 
Wang et al., 2002). 

As shown in Table 7, differentiation of Gem- 
mata obscuriglobus from the morphologically 
similar ATCC 27377 is based on the higher G-hC 
content of Gemmata, occurrence of phase-dark 
inclusions, flagellation, oxidase test, utilization of 
fructose and pyruvate, temperature range for 
growth, and colony color. The G-fC content for 
ATCC 27377 has been the subject of several 
determinations, with slightly variable results; 
thus, Starr et al. (1983) reported a high value of 
59.00 mol% by buoyant density and Schlesner 
has noted a lowest value of 56.40 mol% by 
thermal denaturation (Schlesner and Hirsch, 
1984), while for their comparison, Franzmann 
and Skerman (1981) used the figure of 57.1 
mol% found by Staley (1973) by thermal dena- 
turation. In all cases, however, the G+C content 
of G. obscuriglobus is significantly higher. 



Isosphaera 

Isosphaera pallida (an aerobic, heterotrophic 
budding bacterium) is unusual because it is pho- 
totactic and motile by gliding. With other mem- 
bers of the Planctomycetales, Isosphaera shares 
characteristics that are of potential evolutionary 
significance — the presence of proteinaceous 
cell walls and phospholipids containing (3- 
hydroxylated fatty acids (Stackebrandt et al., 
1984; Giovannoni et al., 1987a; Kerger et al., 
1988). These traits, and the budding mode of 
reproduction, first led to the suggestion that 7. 
pallida was a planctomycete (Giovannoni et al., 
1987a); molecular phylogenetic comparisons of 
5S rRNA supported this classification (Bomar et 
al., 1988) but showed that 7. pallida was only 
distantly related to members of the genera Gem- 
mata, Pirellula and Planctomyces. Subsequent 
analyses of 16S rRNA gene sequences have con- 
firmed the results obtained with the 5S molecule. 

HABITAT. Isosphaera pallida commonly 
occurs in North American and European hot 
springs at temperatures from 35 to 55°C. It is 
found either as a component of microbial mats 
or planktonically, in which case it may be sus- 
pended in the water column by gas vacuoles. 
The co-occurrence of 7. pallida with cyanobacte- 
ria may be a coincidence. Isosphaera pallida is an 
obligate aerobe and, like cyanobacteria, requires 
neutral or alkaline conditions for growth. 

The first axenic cultures of Isosphaera pallida 
(strain ISIB) were obtained from hot springs 
located on the Warm Springs Indian Reserva- 
tion, Oregon, United States. Subsequently, five 
additional strains were isolated from hot springs 
in Yellowstone National Park, United States, 
and Big Spring, Thermopolis, Wyoming, United 
States. The reports of Geitler (Geitler, 1955; 
Geitler, 1963) had suggested that mesophilic 
strains of Isosphaera may inhabit environments 
other than hot springs, and these recent results 
confirm this. Recently isolated Isosphaera-like 
strains have been obtained from leakage water 
from a compost heap (Schlesner, 1994; Ward et 
al., 1995) and from lakewater and a laboratory 
ampicillin solution (Wang et al., 2002). Studies 
on filamentous isolates of the “Nostocoida limi- 
cola III” morphotype from activated sludge have 
shown them to be close relatives of Isosphaera. 
These strains are nonthermophilic and do not 
display gliding motility (Liu et al., 2001). 

TAXONOMY. Isosphaera pallida, the only 
recognized species of the genus Isosphaera, 
inspired a debate in the taxonomic literature 
long before it was first isolated in pure culture in 
1979 (Giovannoni et al., 1987b). The organism 
attracted attention because of its conspicuous 
habitat and morphology. The distinctive chains of 
spherical, budding cells formed by Isosphaera 
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Fig. 25. Phase contrast micrographs of 
Isosphaera pallida, a) Exponential phase 
culture (strain IS 1). Bar is 10 mm. b) Expo- 
nential phase culture (strain ISl). Bar is 50 
mm. c) Isosphaera from a natural population, 
Mammoth Hot Springs, Yellowstone Na- 
tional Park, United States, showing Isos- 
phaera pallida and Spirulina. Bar is 10 mm. 
Arrows indicate buds. GV, gas vacuoles. Note 
that the frequency of buds in the exponen- 
tially growing culture (b) is low, suggesting 
that the process of bud development is rela- 
tively short compared to the cell cycle. 




(Fig. 25) are readily distinguishable from mor- 
phologically similar organisms, such as cyano- 
bacteria of the genus Pseudanabaena. However, 
because of this similarity, Isosphaera pallida was 
originally described by Woronichin (1927) as a 
cyanobacterium, Isocystis pallida, only on the 
basis of observations of collected field speci- 
mens. This early case of mistaken identity was 
understandable, considering that 7. pallida is 
invariably found in the euphotic zone of hot 
springs in association with cyanobacteria. 

Geitler (1955) obtained the first enrichment 
cultures of an organism resembling Isosphaera. 
These were taken from a water-filled depression 
in a rotting spruce stump. He concluded that his 
isolate was a yeast and assigned it to a novel 
genus and species, Torulopsidosira filamentosa. 
After examining collected specimens of Isocystis 
pallida, he assigned it also to the genus Torulop- 
sidosira (Geitler, 1963). This decision was based 
on two observations. The fact that the organisms 
divided by budding suggested that they were 
yeasts, since Geitler was dubious that budding 
occurred in bacteria. Secondly, cytological stain- 



ing indicated that the nuclear material was 
sequestered within a small region of the cell — 
indicating a structure similar to a eukaryotic 
nucleus. Although it is now clear that Isosphaera 
is a prokaryote, modern staining techniques 
(e.g., 4x, 6-diamidino-2-phenylindole) confirm 
Geitler’s early observation (Geitler, 1963) that 
the nuclear material is located in a distinct region 
of the cell. 

The micrographs of Torulopsidosira filamen- 
tosa provided by Geitler show an organism 
strongly resembling 7. pallida in size, shape, and 
the distinctive formation of intercalary buds 
within filaments. This suggests that species simi- 
lar to Isosphaera may occur in habitats outside 
of hot springs. Indeed, in the original definition 
of the cyanobacterial genus Isocystis by Borzi, 
eight species were named, not including 7. pal- 
lida. One of these, 7. salina was described from 
saline springs and mineral waters. We obtained 
mixed enrichment cultures of cyanobacteria 
and Isosphaera from a saline (13% NaCl) hot 
spring in Utah, United States. Attempts to 
obtain pure cultures failed, even when the Isos- 
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phaera medium was supplemented with 0.2 M 
NaCl. 

The conclusions of Geitler were later disputed 
by Rathsack-Kunzenbach, who was familiar with 
Isocystis pallida from hot spring collections 
in Greece. Rathsack-Kunzenbach’s extensive 
description and discussion indicated that Isocys- 
tis pallida from their cultures and 7. pallida are 
the same. They detected a weak red fluorescence 
attributed to cyanobacterial pigments in their 
cultures. However, we have been unable to con- 
firm this fluorescence with North American col- 
lections or cultured material. 

Following the first isolation, it immediately 
became apparent that Isosphaera was neither a 
yeast nor a cyanobacterium, but instead, an 
aerobic, heterotrophic bacterium. It is a salmon 
color in culture owing to the presence of caro- 
tenoids, but absorbance spectra reveal no 
maxima corresponding to chlorophylls or phyco- 
biliproteins. rRNA sequence analysis and a num- 
ber of phenotypic characters, including the 
presence of a proteinaceous cell wall and the 
possession of phospholipids with (3-hydroxylated 
fatty acids, revealed the Isosphaera strains to be 
planctomycetes. 

ISOLATION. Isosphaera pallida can be iso- 
lated on plates of medium IM incubated in an 
atmosphere of 5% C02/95% air. Medium IM is 
a dilute mineral medium containing no added 
carbon sources and containing 50 mM bicarbon- 
ate. The pH of the medium (7.9) is determined 
by the bicarbonate/C02 buffering system. 

Medium IM (Pfennig and Triiper, 1981) 



Solution A 

CaCl2 • 2 H 2 O 0.32 g 

MgS04 • 7 H 2 O 0.4 g 

KCl 0.5 g 

NaCl 1.0 g 

(NH4)2S04 0.5 g 

KH2PO4 0.3 g 

FeCl 3 0.292 mg 

Trace element solution SL-7a 10 ml 
Vitamin B 12 5 mg 

Water 1 liter 



Adjust to pH 7.6 with NaOH, remove precipitate by fil- 
tration through Whatman no. 1 filter paper, and store at 
4°C. 

Solution B 

NaHCOs 42.0 g 

Water 1 liter 

Autoclave, then bubble vigorously with sterile CO 2 for 1 h. 

Final Medium 

Solution A 250 ml 

Solution B 100 ml 

H 2 O 650 ml 

After combining solution A -i- H 2 O and autoclaving, add 
sterile solution B. 



In the dark, or in the light with 3-(3,4- 
dichlorophenyl)-l,l -dimethyl urea (an inhibitor 
of photosystem II) present, medium IM is selec- 
tive for Isosphaera. Plates of medium IM 
streaked with microbial mat material from a hot 
spring and incubated in the dark at 45°C usually 
develop small (1-2 mm) colonies of Isosphaera 
after two weeks. The colonies are firm to the 
touch of an inoculating loop. In part, the basis 
for the selectivity of medium IM seems to be 
the absence of added carbon other than the 
contaminating organic compounds present 
in Bacto-agar. However, Isosphaera is not 
agarolytic. 

The Isosphaera-\ikQ strains of Schlesner (1994) 
and Wang et al. (2002) were isolated using media 
containing the antibiotics ampicillin (inhibiting 
cell wall synthesis in peptidoglycan-synthesizing 
bacteria) and streptomycin (inhibiting protein 
synthesis in many bacteria; see above for concen- 
trations used). D-Arabinose Supernatant R2A 
Medium employing filtered effluent from sec- 
ondary clarifier of an activated sludge plate was 
found to be essential for isolation of Isosphaera- 
like isolates from activated sludge (Liu et al., 
2001 ). 

CULTIVATION. Isosphaera can be routinely 
cultivated in liquid batch culture on medium 
IMC sparged with 5% C02/95% air. 

Medium IMC 

To Medium IM, add 0.025% D-gfucose, 0.025% casamino 
acids, and vitamin solution (0.5 ml/liter; added after 
autoclaving). Vitamin solution contains: nicotinic acid, 
2 mg/ml; thiamine HCl, 1 mg/ml; p-aminobenzoic acid, 
0.2 mg/ml; and biotin, 0.02 mg/ml. 

The minimum doubling time observed (18 
hours) occurs at 42°C, but substantial growth is 
seen at temperatures from 37 to 55°C. A high 
concentration of CO 2 is probably not required 
for growth. 

Although visible growth occurs on Bacto-agar 
without organic supplements, the addition of car- 
bon sources at low concentration enhances 
growth on plates. Only a few compounds, includ- 
ing glucose, ribose, and lactate, are utilized as 
sole sources of carbon for growth. Growth is 
more robust in the presence of casamino acids, 
suggesting that they are assimilated but not uti- 
lizable as sole carbon sources. D-Glucose con- 
centrations of 0.025% are routinely employed 
because higher concentrations (0.05% D- 
glucose) inhibit growth. Ribose, which serves as 
a sole source of carbon for growth in three of 
four strains investigated, is also inhibitory at con- 
centrations above 0.25%. 

The optimal growth temperature of strain 
ISIB is 42°C. Growth of this strain occurs 
at temperatures up to 55°C and as low as 
37°C. 
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IDENTIFICATION. The moderately thermo- 
philic aerobic and heterotrophic 7. pallida is 
unambiguously identifiable. Isosphaera pallida 
cells are spherical and typically vary in size from 
2.0 to 2.5 pm, although some cells are larger in 
stationary phase cultures. In wild-type strains, 
the cells are arranged in unbranched filaments of 
indefinite length. Repeated subcloning results in 
selection for short chain mutants, such as the 
type strain, ISIB (S. Giovannoni, unpublished 
observations). Cells are budding, but the fre- 
quency of buds within the unbranched filaments 
of indefinite length is low. Ultrastructural obser- 



vations have revealed that the cell surface is 
uniformly and densely covered with pili. How- 
ever, there is no evidence for flagella. The mech- 
anism of motility remains unknown. As with 
other planctomycetes, surface crateriform struc- 
tures are present. In 7. pallida they appear to be 
uniformly distributed over the cell. Electron- 
transparent “holes” of similar size and density 
are found in the isolated SDS-insoluble cell wall 
fraction. 

Freshly isolated strains produce gas vacuoles 
containing gas vesicles with typical conical ultra- 
structure (Fig. 26). The gas vacuoles are small 




Fig. 26. Thin-sections showing cytoplasmic inclusions of Isosphaera pallida, a) Polyhedral structures (ps). Bar is 1 mm. b) 
Paracrystalline inclusion (pc). Bar is 1 mm. c) Wall body (wb). Bar is 1 mm. d) Gas vesicles (GV). Bar is 0.1 mm. 



788 N. Ward et al. 



CHAPTER 8.1 



and usually occur singly in cells. Polyhedral struc- 
tures, similar in appearance to carboxysomes, are 
often seen. However, there is no evidence for 
autotrophic metabolism. Also seen are paracrys- 
talline inclusions and “wall bodies.” No functions 
are associated with these structures. Electron 
microscopy of thin sections of cells prepared by 
cryosubstitution have confirmed that the cell 
plan of Isosphaera conforms to the general plan 
shared by all planctomycetes (Lindsay et al., 
2001), but in 7. pallida the paryphoplasm is invag- 
inated to form a large central region (Fig. 9). 

The salmon-colored colonies of 7. pallida are 
motile. Motility occurs most readily on Gelrite 
surfaces, though migration is observable to a 
lesser degree on agar, particularly if it has excess 
surface moisture. When suspensions of concen- 
trated cells are dropped on plates, they form 
multiple aggregates (called “comets”) of variable 
size. These move randomly at about an equal rate 
in darkness or in uniform light. In the presence 
of a directional light source, the aggregates are 
phototactic. 

Wang et al. (2002) isolated Isosphaera-liko 
strains that conformed to the general properties 
of the genus Isosphaera as currently described 
(spherical cells, reproducing by budding; uni- 
formly distributed crateriform structures; cell 
compartmentalization, with a single membrane 
containing the nucleoid; and characteristic 16S 
rRNA signature nucleotides). However, the fila- 
ments seen in 7. pallida were not observed in 
these strains. 

Preservation of 
Planctomycete Strains 

Planctomycete strains have been successfully 
stored by lyophilization and under liquid nitro- 
gen; they have been revived after liquid nitrogen 
storage for several years. Also, when reviving 
stored ampoules of G. obscuriglobus from liquid 
nitrogen, soil extract agar supplemented with 
0.1% glucose is superior to lake water agar. 
Planctomycetes including G. obscuriglobus can 
also be successfully stored frozen in 10% glyc- 
erol in deionized water at -70°C, with revival 
onto Schlesners Ml agar (J. A. Fuerst, unpub- 
lished results). 
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The Genus Thermus and Relatives 
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Introduction 

In 1969, Brock and Freeze described a thermo- 
philic organism that they named Thermus aquat- 
icus. Since then the bacteria of the genus 
Thermus have become the archetypal thermo- 
philic bacteria even though other organisms have 
been described that grow at much higher tem- 
peratures. Not only are these organisms easy to 
grow, but some strains are transformable and are 
rapidly becoming the mainstays of molecular 
biology of thermophilic bacteria. The importance 
of these organisms to our knowledge of thermo- 
philic lifestyles was recently reaffirmed by the 
complete genome sequencing of Thermus ther- 
mophilus HB27 (Henne et al., 2004). 

This chapter should probably be entitled the 
“Family Thermaceae” or the “Order Thermales” 
as defined by us (da Costa and Rainey, 2001a; 
Rainey and da Costa, 2001), but we have decided 
to retain the title of the original chapter in The 
Prokaryotes as an indication of continuity and 
because the species of the genus Thermus con- 
tinue to be the most studied organisms of this 
family. Moreover, the four new genera of the 
family Thermaceae have only recently been pro- 
posed to accommodate thermophilic or slightly 
thermophilic bacteria that are distinct but closely 
related to the species of the genus Thermus. 
These recently proposed genera are Meiother- 
mus (Nobre et al., 1996b), Marinithermus (Sako 
et al., 2003), Oceanithermus (Miroshnichenko et 
al., 2003a; Mori et al., 2004) and Vulcanithermus 
(Miroshnichenko et al., 2003b). The organisms of 
these genera constitute the family Thermaceae, 
which together with the species of the genus 
Deinococcus constitute a deep branching lineage 
designated the “Phylum DeinococcusI Thermus'' 
(Rainey et al. 1997; Battista and Rainey, 2001). 

The Genera Thermus 
and Meiothermus 

Taxonomy and Phylogeny 

The genus Thermus currently comprises eight 
validly described species, namely T aquaticus 



(Brock and Freeze, 1969), T thermophilus (T. 
Oshima and Imahori, 1974; Manaia et al., 1994), 
Tfiliformis (Hudson et al., 1987b), T brockianus 
(Williams et al., 1995), T oshimai (Williams 
et al., 1996), T scotoductus (Kristjansson et al., 
1994), T antranikianii and T igniterrae (Chung 
et al., 2000). 

Comparison of the 16S rDNA sequences of 
the type strains of each of the eight validly 
described species of the genus Thermus shows 
the 16S rDNA sequence similarities to be in the 
range 91.2-96.4% (Fig. 1). Thermus oshimai is 
the most unrelated of the species of the genus 
Thermus as reflected by the 16S rDNA sequence 
similarity values. The other species of the genus 
Thermus have 16S rDNA sequence similarities 
in the range 94-96%. Within each species the 16S 
rDNA similarity values are in the range of 98.9- 
99.7% for T aquaticus, 99.9-100% for T brock- 
ianus, 99.2-99.9% for 99.8-100% for 

T oshimai, 98.7-99.9% for T scotoductus, 99.4- 
100% for T thermophilus, and 99.9-100% for T 
igniterrae and T antranikianii (Chung et al., 
2000). These values are based on the comparison 
of all published strains and a large number of 
unpublished full 16S rDNA sequences for strains 
of the species of the genus Thermus (F. A Rainey, 
unpublished results). Such data are however of 
little use in the differentiation of strains within a 
species. In these organisms the phenotypic char- 
acteristics of most species overlap and it is 
becoming increasingly difficult to differentiate 
new species from those that have been described 
(Table 1). Diversity within groups of strains con- 
sidered to belong to the same species is some- 
times extreme and easily verified by the variation 
in the fatty acid composition (da Costa et al., 
2001b). The species T thermophilus, for example, 
has extremely variable fatty acid composition 
even though some strains, namely HB8, HB27 
and AT-62, share extremely high DNA-DNA 
hybridization values and 16S rDNA sequence 
similarity (Manaia et al., 1994; Nobre et al., 
1996a). This species has been easily distinguished 
from the strains of other species by the ability of 
the strains to grow at temperatures above 80°C 
and in media containing 3% NaCl. However, one 
unpublished strain does not grow in NaCl- 
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Thermus brockianus YS38^ (Y18409) 

Thermus igniterrae RF-4''' (Y 18406) 

Thermus aquaticus YT-C (L0966^) 

Thermus scotoductus SE-^^ (Y 18410) 

Thermus antranikianus HN3-7^ (Y1 841 1 ) 

Thermus thermophilus HB27^ (L09659) 

“ Thermus filiformis\Na\ 33AC (L09667) 

Thermus oshimai SPSM^ (Y1 841 6) 

Marinithermus hydrothermalis T 1 ^ (AB079382) 

Oceanithermus desulfurans St55B^ (AB0710756) 

Oceanithermus profundus 506^ (AJ430586) 

Vulcanithermus mediatlanticus TR^ (AJ507298) 

I — Meiothermus cerbereus GY-1 ^ (Y1 3594) 

r* Meiothermus ruber 2'\'^ (Z15059) 

' Meiothermus taiwanensis WR 30^ (AF41 8001 ) 

- Meiothermus chiiarophiius ALT-8' (X84212) 

Meiothermus siivanus Vl-R2^ (X8421 1 ) 

Deinococcus grandis DSM 3963^ (Y11329) 

' Deinococcus indicus Wt/1 (AJ5491 1 1J 

- Deinococcus radiodurans DSM 20539' (Y11332) 



■ Deinococcus radiopugnans ATCC 19172^ (Y11334) 

■ Deinococcus murrayi ALT-1 (Y 1 3041 ) 

■ Deinococcus geothermaiis AG-3a^ (Y13038) 

‘ Deinococcus proteoiyticus DSM 20540^ (Y11331) 

' Deinococcus radiophiius DSM 2055 C (Y11333) 

Chiorofiexus aurantiacus (D38365) 

■ Thermomicrobium roseumP-2J (M34115) 



10.0 



Fig. 1. Phylogenetic dendogram based on 16S rRNA gene sequence comparisons of the validly described type species of the 
Phylum Deinococcus-Thermus. Thermomicrobium roseum and Chloroflexus aurantiacus are outgroups. The dendrogram was 
constructed from evolutionary distances using the neighbor-joining method. The scale bar represents 10 inferred nucleotide 
changes per 100 nucleotides. 



containing media because it lacks the genes lead- 
ing to the synthesis of the compatible solute 
mannosylglycerate, necessary for growth in 
media containing more than 1% NaCl (da Costa 
et al, 2001b; S. A. Alarico et al, unpublished 
results). 

In addition to the type strain of Thermus 
aquaticus (YT-1, = ATCC 25104), another of the 
original isolates of Brock and Freeze (1969), 
designated “Y-VII-51B” (=ATCC 25105), iso- 
lated from Pacheteaus Calistoga in California, 
has recently been found to be very closely 
related to the type strain of T. antranikianii 
(Chung et al, 2000). At the time, however, it was 
perfectly acceptable that these strains were clas- 
sified in the same species for the lack of more 
precise methods of classification of prokaryotes. 
Moreover, this species is only easily distin- 
guished from all other species on the basis of 
fatty acid composition (Table 2). The species T 
filiformis was described on the basis of one strain 
from New Zealand with a stable filamentous 
morphology (Hudson et al., 1987b). Other 
strains from New Zealand belong to this species 
on the basis of DNA-DNA hybridization values 
but are not filamentous (Georganta et al., 1993). 
Moreover, the type strain of T. filiformis pos- 
sesses very high levels of anteis o-faity acids as 
well as 3-OH fatty acids, while the other strains 
have high levels of Ao-fatty acids and lack 3-OH 
fatty acids (Ferraz et al., 1994; Nobre et al., 
1996a). The biochemical and physiological diver- 



sity of T. filiformis strains that share high DNA- 
DNA hybridization values makes it difficult, if 
not impossible, to define a distinct phenotype for 
this species (Hudson et al., 1987b; Hudson et al., 
1989; Georganta et al., 1993). 

The description of the species T. scotoductus 
was based on strains isolated from hydrother- 
mally fed hot water taps in Iceland, as well as 
strain X-1 isolated from a thermally polluted 
stream in the United States (Ramaley and Hix- 
son, 1970; Kristjansson et al., 1994). The lack of 
pigmentation was one of the characteristics used 
to discriminate T. scotoductus from other species 
of the genus which rarely comprise nonpig- 
mented strains. Two other nonpigmented strains 
NH and DI, isolated from hot tap water in Lon- 
don, were later found to be practically identical 
to the type strain from Iceland (Pask-Hughes 
and Williams, 1975; Tenreiro et al., 1995b). 
Strains from a hot spring at the end of a nonillu- 
minated tunnel at Vizela, Portugal, were also 
found to be closely related to the type strain of 
Thermus scotoductus (Tenreiro et al., 1995b) 
and were, not surprisingly, nonpigmented. How- 
ever, yellow-pigmented strains from hot springs 
in the Azores exposed to sunlight were also 
found to be very closely related to T scotoductus 
(Santos et al., 1989; Tenreiro et al., 1995b; 
Williams et al., 1996; F. A. Rainey et al., unpub- 
lished observation). Moreover, only the strains 
from Iceland and from London have identical 
fatty acid compositions (Nobre et al., 1996a). 
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These results also appear to leave the species T. 
scotoductus without distinct phenotypic charac- 
teristics. The species T. aquaticus can be easily 
distinguished from T. brockianus, but all of the 
extensively characterized strains of the former 
species originate from Yellowstone National 
Park (Munster et al, 1986; Williams et al, 1995). 
However, the strains of T. brockianus and T. 
aquaticus are also very difficult to distinguish 
from strains of other species of the genus 
Thermus. 

Phylogenetic analysis based on 16S rDNA 
sequence analysis shows that the species of the 
genus Meiothermus form a separate line of 
descent from the species of the genus Thermus 
with which they share about 86% 16S rDNA 
sequence similarity (Nobre et al., 1996b). It was 
suspected for some time that the red-pigmented 
“low-temperature” species designated ‘'Thermus 
rubef formed a separate line of descent from 
the “high-temperature” species of the genus 
Thermus (Weisburg et al., 1989; Bateson et al., 
1990; Embley et al., 1993), but aside from the 
different growth temperature ranges and the red 
pigmentation, there were no other characteris- 
tics that allowed the proposal of a new genus. 
The description of two new, slightly thermophilic 
species that, based on 16S rRNA sequence 
analysis and chemotaxonomic parameters, were 
more closely related to Thermus ruber than to 
the other species of the genus Thermus led to the 
proposal of the genus Meiothermus for the 
species with low growth temperatures (Tenreiro 
et al., 1995a; Nobre et al., 1996b). 

The species M. ruber, M. silvanus, M. chliaro- 
philus, M. cerbereus and M. taiwanensis have 
been validly described (Loginova et al., 1984; 
Tenreiro et al., 1995a; Nobre et al., 1996b; Chung 
et al., 1997; M. Y. Chen et al., 2002). The phylo- 
genetic analysis of the species of the genus Meio- 
thermus shows that M. ruber, M. cerbereus and 
M. taiwanensis are closely related to each other, 
sharing about 97-98% 16S rDNA sequence sim- 
ilarity (Chung et al., 1997; M. Y. Chen et al., 
2002). Meiothermus silvanus and M. chliarophi- 
lus are more distantly related to the M. ruber! M. 
cerbereus! M. taiwanensis clade, sharing no more 
than about 90% sequence similarity with each 
other or with the other three species of Meiother- 
mus (Tenreiro et al., 1995a; Chung et al., 1997; 
M. Y. Chen et al., 2002). It could be argued that 
M. chliarophilus and M. silvanus should be 
placed in two separate genera, but the lack of 
physiological and biochemical distinctiveness 
of these two species does not support such a 
proposal (Fig. 1). 

One strain, named “M. rosaceus,'' which 
shares about 99% 16S rDNA sequence similarity 
with M. taiwanensis, has not been validly 
described (C. Chen et al., 2002b). This organism 



was isolated from the Tengchong hot springs in 
Yunnan Province, China, and may represent a 
new species. 

The validly described species of the genus 
Meiothermus are still very easy to distinguish 
from each other primarily because the number 
of species is small and some of the species (such 
as the yellow-pigmented species M. chliarophi- 
lus) have been isolated from only one site, which 
limits diversity of characteristics within this 
species (Tables 3 and 4). All the species can at 
present be distinguished from other species of 
the genus by their distinct fatty acid composi- 
tions, namely the strains of M. ruber, which have 
been isolated from hydrothermal areas through- 
out the world (Nobre et. al., 2001). An addi- 
tional species of this genus named “Meiothermus 
timidus'' has been characterized recently. The 
strains of this species, isolated from hot springs 
in Continental Portugal and the Island of S. 
Miguel in the Azores, are yellow-pigmented 
and most closely related to M. chliarophilus. 
These organisms show that yellow-pigmentation 
is more common than previously recognized 
in this genus (A. L. Pires et al., unpublished 
observations). 



Habitats 

The strains of the genus Thermus are generally 
isolated from hydrothermal areas where the 
range of water temperature is 55-70°C and that 
of pH is 5.0-10.5 (Kristjansson and Alfredsson, 
1983; Munster et al., 1986; Hudson et al., 1989; 
Santos et al., 1989). The recovery of strains of the 
genus Thermus from geothermal sites with very 
high temperatures and low pH, as well as from 
cold water sources, is believed to be due to the 
dispersal of organisms from thermal environ- 
ments that the organisms actually colonize 
(Williams and da Costa, 1992). 

The first isolates of the genus Thermus were 
obtained from hydrothermal areas in Yellow- 
stone National Park and Pacheteaus Calistoga in 
California (Brock and Freeze, 1969). Isolates 
were then recovered from several hydrothermal 
areas in Japan (Yoshida and Oshima, 1971; Saiki 
et al., 1972; Taguchi et al., 1982), followed 
by isolations from Iceland (Pask-Hughes and 
Williams, 1977; Kristjansson and Alfredsson, 
1983; Hudson et al., 1987a), New Zealand (Hud- 
son et al., 1986), New Mexico (Hudson et al., 
1989), continental Portugal, the Island of Sao 
Miguel in the Azores (Santos et al., 1989; Manaia 
and da Costa, 1991), the Australian Artesian 
Basin (Denman et al., 1991), and the Kamchakta 
Peninsula (R. Sharp, unpublished results). 
Strains of the genus Thermus have also been 
isolated from shallow marine hot springs in Ice- 
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Table 3. Biochemical characteristics that distinguish the type strains of the species of the genus Meiothermus.^ 



Characteristics 


M. ruber 


M. silvanus 


M. chliarophilus 


M. cerbereus 


M. taiwanensis'^ 


Pigmentation 


Red 


Red 


Yellow 


Red 


Red 


Presence of: 


Catalase 




- 


- 


- 




a-Galactosidase 




- 








Hydrolysis of: 


Starch 


- 


- 




- 


- 


Esculin 




- 








Utilization of: 


D-Cellobiose 




- 








D-Mannitol 




- 




- 




D-Raffinose 




- 




- 




D-Sorbitol 




- 




- 




D -Trehalose 




- 






- 


D -Xylose 








- 




Glycerol 




- 




- 


- 


L-Arabinose 


- 


- 


- 


- 




L-Rhamnose 


- 


- 


- 


- 




Malate 




- 


- 


- 


- 


my6>-Inositol 




- 




- 




Pyruvate 


- 










Ribitol 


- 


- 


- 


- 




Succinate 




- 


- 


- 




L-Asparagine 








- 




L- Glutamine 








- 




L-Serine 








- 


- 


L-Arginine 








- 





Symbol and abbreviations: +, positive result or growth; negative result or growth. 
^M. Chliarophilus was grown at 50°C; the other strains were grown at 55°C. 
^Results from Chen etal., 2002a. 



land (Kristjansson et al, 1986), the islands of Fiji 
(Hudson et al, 1989), and the island of Sao 
Miguel in the Azores (Manaia and da Costa, 
1991). Recently, isolates of the genus Thermus 
have also been obtained from abyssal geother- 
mal areas in the Mid- Atlantic Ridge and in the 
Guaymas Basin, Gulf of California, at depths 
of 3500 and 2000 m, respectively (Marteinsson et 
al, 1995; Marteinsson et al., 1999). Some shallow 
marine hydrothermal areas contain less salt than 
the surrounding seawater (Kristjansson et al., 
1986), but others have salt concentrations similar 
to those of seawater. To our knowledge, all Ther- 
mus isolates from these springs are halotolerant 
(Manaia and da Costa, 1991; Tenreiro et al., 
1997). Most of these isolates have higher growth 
rates in media without added NaCl but grow in 
media containing 3-6% NaCl. All the Thermus 
strains isolated from saline thermal environ- 
ments appear to belong to the species T thermo- 
philus (da Costa et al., 2001b). On the other hand 
the vast majority of the strains of Thermus iso- 
lated from inland hydrothermal areas do not 
grow at salinities above 1% NaCl (Kristjansson 
et al., 1986; Hudson et al., 1989; Santos et al., 
1989; Manaia and da Costa, 1991; Manaia et al., 
1994). However, some inland geothermal areas 
in Japan and Iceland also vent saline water and 
yield halotolerant Thermus strains, many of 



which also belong to T thermophilus (Waring, 
1965; Yoshida and Imahori, 1971; Alfredsson and 
Kristjansson, 1995). 

Strains of the species of the genus Thermus are 
also commonly isolated from man-made thermal 
environments. The isolation of strains from man- 
made environments was, in fact, simultaneous 
with the description Thermus aquaticus (Brock 
and Freeze, 1969). Later, nonpigmented Thermus 
strains were isolated from hot water taps, ther- 
mally polluted streams (Ramaley and Hixson, 
1970; Pask-Hughes and Williams, 1975; Degryse 
et al., 1978; Stramer and Starzik, 1981), and hot 
water systems (Brock and Boylen, 1973). Strains 
of the genus Thermus have also been isolated 
from self-heating compost piles in Switzerland 
and Germany (Beffa et al., 1996). One strain SA- 
01 and classified as T scotoductus was isolated 
from a rock surface with a temperature of about 
60°C from a gold mine, at a depth of 3200 meters, 
in South Africa (Kieft et al., 1999). 

The strains of the genus Meiothermus have 
been isolated from a large number of geothermal 
areas ranging from Yellowstone National Park, 
the Island of Sao Miguel in the Azores, several 
hot springs in continental Portugal, the Hver- 
agerthi and Geysir areas of Iceland, and the 
Kamchatka Peninsula to the North Island of 
New Zealand and China (Loginova et al., 1984; 
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Table 4. Fatty acid composition of the type strains of the species of the genus Meiothermus grown at 50°C. 



Fatty acids^ 






Fatty acid composition (% of total) 




M. ruber 


M. silvanus 


M. chliarophilus 


M. cerbereus 


M. taiwanensis 


iso-C13:0 


0.4 


0.4 


1.6 


1.5 


0.7 


iso-CU:0 


1.3 


0.6 


1.9 


2.6 


0.7 


iso-C13:0 3-OH 


0.4 


1.0 


— 


— 


1.1 


C15:l co9c 


1.3 


— 


— 


4.1 


0.3 


/56>-C15:0 


30.9 


25.9 


39.0 


35.5 


38.4 


anteiso-C15:0 


6.5 


22.5 


8.9 


6.2 


2.9 


C15:0 


3.3 


0.2 


1.8 


2.0 


2.0 


C16:l co7 alcohol 


0.7 


— 


— 


2.0 


— 


iso-C16:0 


4.8 


1.6 


2.2 


4.1 


2.6 


iso-C15:0 2-OH 


0.5 


0.4 


0.5 


0.4 


0.7 


C16:0 


4.9 


5.5 


8.2 


5.1 


6.1 


Unknown 16.090^ 


0.5 


1.6 


0.7 


0.6 


0.4 


iso-C15:0 3-OH 


0.2 


— 


1.1 


0.6 


— 


C15:0 2-OH 


0.9 


— 


0.4 


0.4 


0.3 


iso-Cll:l co9c 


3.4 


— 


— 


5.2 


1.1 


iso-Cll:0 


16.5 


12.7 


13.4 


6.0 


17.4 


anteiso-C17:0 


4.4 


6.9 


2.5 


1.6 


2.4 


C17:l co8c 


0.6 


— 


— 


0.7 


— 


C17:l co6c 


0.9 


1.0 


0.9 


1.0 


0.3 


C17:0 


2.1 


0.3 


1.1 


0.4 


1.7 


C16:0 2-OH 


0.6 


0.4 


0.7 


0.7 


1.0 


iso-C17:0 2-OH 


6.8 


9.6 


10.9 


5.7 


12.0 


anteiso-C17:0 2-OH 


0.3 


3.0 


0.8 


— 


0.2 


iso-C17:0 3-OH 


1.5 


— 


0.2 


4.7 


— 


C17:0 2-OH 


— 


— 


0.3 


0.8 


0.7 


anteiso-C17:0 3-OH 


1.0 


— 


— 


— 


— 


/56>-C19:0 


— 


1.8 


0.2 


— 


0.3 


anteiso-C19:0 


— 


1.1 


— 


— 


— 


/56>-C18:0 diol 


0.7 


2.2 


— 


— 


4.5 


anteiso-ClS'.O diol 


— 


0.4 


— 


— 


— 



Symbol and abbreviations: — , less than 0.5%; 13:0 iso;, 14:0 iso; 13:0 iso 30H,; 15:1 iso F,; 15:0 iso; 15:0 anteiso; 15:0,; 16:1 
co7t alcohol,; 15:0 iso 20H,; 15:0 20H,; 16:0,; Unknown 16.090,; 15:0 iso 30H,; 15:0 20H,; 17:1 iso co9c,; 17:0 iso; 17:0 anteiso; 
17:1 co8c,; 17:1 co6c,; 17:0,; 16:0 20H,; 17:0 iso 20H,; 17:0 anteiso 20H,; 17:0 iso 30H,; 17:0 20H,; 17:0 anteiso 30H,; 19:0 
iso; 19:0 anteiso; 18:0 iso diol,; and 18:0 anteiso diol. 

""Undetected fatty acids or those whose values are less than 0.5% in all strains are not shown. 

^Unknown fatty acid or alcohol with an equivalent chain length (ECL) of 16.090. 



Sharp and Williams, 1988; Donato et al, 1991; 
Tenreiro et al, 1995a; Chung et al, 1997; M. 
Y. Chen et al., 2002; C. Chen et al, 2002b). 
Strains of the species M. ruber were also recov- 
ered from fermentors fed with yeast factory 
wastewater and maintained at 60°C (Hensel et 
al., 1986). In natural environments, these organ- 
isms are generally isolated from areas where the 
range of water temperature is 40-70° C and the 
pH is neutral to alkaline. Strains of Meiothermus, 
unlike strains of T. thermophlus, have not been 
isolated from marine hot springs and no halotol- 
erant or slightly halophilic strains are known. 

The strains of M. silvanus have been isolated 
from hot springs in northern Portugal and from 
the Geysir area of Iceland (Tenreiro et al., 1995a; 
Nobre and da Costa., 2001). Strains of M. cer- 
hereus have been isolated from the Geysir area 
of Iceland, and closely related but not exten- 
sively characterized strains have also been iso- 
lated from Yellowstone National Park (Nold and 



Ward, 1995; Chung et al., 1997). Strains of M. 
chliarophilus have only been isolated from the 
hot spring at Alcafache in central Portugal with 
a vent temperature of 50.5°C and a pH of 8.1 
(Tenreiro et al., 1995a). The strains of M. taiwan- 
ensis have been isolated from hot springs in Tai- 
wan (Chen et al., 2002a). However, strains of M. 
ruber have been isolated worldwide (Nobre and 
da Costa, 2001). One factor leading to the fre- 
quent isolation of M. ruber strains from several 
geothermal areas around the world may be the 
high temperature used for enrichment of these 
organisms from water and sediment samples. 
Enrichments performed in liquid media at 60°C 
or higher invariably lead to the isolation of 
strains with optimum growth temperatures of 
about 60-65°C and closely related to M. ruber. 
Other species with optimum growth tempera- 
tures of about 50-55°C and maximum growth 
temperatures of about 60°C are not isolated 
under these enrichment conditions. 
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Genome Sequence of T. thermophilus HB27 

Strain HB27 is not the type strain of the species 
Thermus thermophilus but is probably the most 
investigated strain of the genus Thermus. Strain 
HB27, like other strains of T. thermophilus, is 
amenable to genetic manipulation and is now a 
model organism for genetic studies in Thermus 
spp. For these reasons the genome was com- 
pletely sequenced (Henne et al, 2004). The 
genome consists of a chromosome with 1,894,877 
base pairs and a megaplasmid with 232,605 base 
pairs. The complete genome sequence confirms 
the results of several physiological, metabolic 
and biochemical studies. The organism, for 
example, possesses genes for the Emden- 
Meyerhof pathway, a complete tricarboxylic acid 
cycle, and gluconeogenesis. The respiratory chain 
contains reduced nicotinamide adenine dinucle- 
otide (NADH)-dehydrogenase, a cytochrome- 
dependent succinate dehydrogenase, two sets of 
genes for terminal cytochrome c oxidases, and 
cytochromes a, caa3 and ba3 among others. ATP 
synthesis is accomplished via a V/A type syn- 
thase. It was known that strain HB27 did not use 
nitrate as an electron acceptor for anaerobic res- 
piration, and the putative genes for dissimilatory 
nitrate reductase are not present in the genome 
(da Costa et al., 2001b). Also interesting is that 
a gene cluster with homology to sox genes of 
sulfur-oxidizing organisms is present in this 
organism. Moreover, another gene cluster has 
homology to the periplasmic thiosulfate/ 
cytochrome oxidoreductase complex of Rho- 
dopseudomonas palutris. The implication, of 
course, is that energy could be derived from oxi- 
dation of reduced sulfur compounds, but this has 
not been shown in strain HB27, although it 
has been detected in strains of T scotoductus 
(Skirnisdottir et al., 2001). Motility has never 
been observed in any strain of Thermus; this 
observation was confirmed from the complete 
genome sequence of strain HB27, which does not 
possess genes for flagellum synthesis. 

Isolation Procedures 

A low concentration of organic constituents 
and an incubation temperature of 65-75°C were 
stressed by Brock (1984) as important factors for 
the isolation of T aquaticus. Thermus strains are 
easily isolated by inoculating samples of water, 
biofilms or mud in a medium containing Casten- 
holz D basal salts medium (Castenholz, 1969) 
supplemented with yeast extract (1.0 g • liter“^) 
and tryptone (1.0 g • liter“^). This medium has 
been used in many studies to grow strains of the 
genus Thermus and has been called simply Ther- 
mus medium (Brock and Freeze, 1969; Munster 
et al., 1986; Williams and da Costa, 1992). Sam- 
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pie volumes of 0.5-1. 0 ml are generally sufficient, 
but the medium can be made up at twice the 
concentration to accommodate large inocula. 
Turbid cultures are streaked on the same 
medium solidified with 2-3% agar. Plates are 
sealed or placed in containers to reduce evapo- 
ration and incubated aerobically for several days 
at the appropriate temperature. Streaking sam- 
ples directly onto solidified Thermus medium has 
also been successful (Hudson et al., 1986). Large 
sample volumes have been filtered using mem- 
brane filtration (0.20 or 0.45 pm pore size), after 
which the filters have been placed on the plates 
(Chung et al., 2000). 

Basal mineral medium 162 (Degryse et al., 
1978) with 0.25% tryptone and 0.25% yeast 
extract, with or without solidifying agents, has 
also been extensively used to grow Thermus and 
Meiothermus strains. Many strains will grow on 
0.4% yeast extract, 0.8% polypeptone, and 0.3% 
NaCl (T. Oshima and Imahori, 1974), but this is 
not true of T aquaticus .The, growth of the major- 
ity of the strains of Thermus is inhibited by 
levels of organic nutrients higher than about 
1.0%. Hexoses are particularly inhibitory, appar- 
ently because of acidification of the medium. 
Some strains, particularly those closely related to 
T. thermophilus HB8, are more resistant to 
organic nutrients in the culture medium and are 
frequently grown in a medium containing (per 
liter of water) trypticase or polypeptone, 8.0 g; 
yeast extract, 4.0 g; and NaCl, 2.0 g (M. Oshima 
and Yamakawa, 1974). The review by Sharp et al. 
(1995) gives an extensive list of media, and their 
formulae, used to grow the strains of this genus 
for several purposes and should be consulted. 
Defined media have also been used with some 
success for experimental protocols but not for 
enrichment of samples (Silva et al., 2003). 

Preservation of Strains 

Most strains of Thermus and Meiothermus can 
be stored frozen at -80°C in Thermus medium 
containing 10-15% glycerol, or in liquid nitro- 
gen, for years without loss of viability. Lyo- 
philized strains have been maintained for many 
years. Strains grown densely on plates of Ther- 
mus medium survive for about 1 month at 4°C. 

Morphology, Metabolism, Physiology and 
Biochemical Characteristics 

The strains of the genus Thermus form rod- 
shaped or filamentous cells that stain Gram neg- 
ative. The type strain of Thermus filiformis has, 
in contrast to other strains, a stable filamentous 
morphology and does not form short rod-shaped 
cells on solid or in liquid media. Transmission 
electron microscopy shows that the strains of the 
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genus Thermus have an envelope consisting of a 
cytoplasmic membrane with a simple outline, a 
cell wall with an inner, electron-dense thin layer 
representing the peptidoglycan connected to an 
outer corrugated “cobble-stone” layer by irregu- 
larly spaced invaginations (Brock and Edwards, 
1970). Unusual morphological structures, called 
“rotund bodies,” are occasionally seen in many 
strains by phase-contrast and transmission elec- 
tron microscopy. These structures consist of 
several cells bound by a common external layer 
of the cell envelope enclosing a large space 
between the cells (Brock and Edwards, 1970; 
Becker and Starzyk, 1984). The strains of the 
closely related genus Meiothermus have cells 
with similar morphology. Rotund bodies have, 
however, not been seen in any of the strains of 
Meiothermus. The type strain of M. taiwanensis 
also forms long stable filaments (M. Y. Chen 
et al., 2002). A crystalline surface protein layer 
(S-layer) has been identified in T. thermophilus 
strains HB8^ and HB-27. The S-layer of strain 
HB8 is composed of a major protein with a 
molecular weight of 100 kDa, designated PlOO 
(Caston et al., 1988; Faraldo et al., 1992; Olabar- 
ria et al., 1996; Fernandez-Herrero et al., 1997). 

The growth temperature range of the species 
of the genus Thermus is between about 45°C and 
82-83°C. Only a few strains, all belonging to T 
thermophilus, are capable of growth at 80°C or 
above (Manaia et al., 1994). The majority of the 
strains of the genus Thermus have a maximum 
growth temperature slightly below 80°C (Brock 
and Freeze, 1969; Chung et al., 2000; da Costa et 
al., 2001b). The optimum growth temperature of 
these organisms is about 70°C, but the optimum 
growth temperature of some strains can be as 
high as 75°C. The species of the genus Meiother- 
mus have lower growth temperature ranges than 
those of Thermus’, M. ruber has an optimum 
growth temperature of about 60-65°C, a maxi- 
mum growth temperature just below 70°C, and a 
minimum growth temperature of about 35-40°C. 
The species M. silvanus, M. cerhereus and M. 
taiwanensis have lower growth temperature 
ranges with an optimum of about 55°C, whereas 
M. chliarophilus is the least thermophilic of the 
known species of this genus, with an optimum 
growth temperature of about 50°C (Loginova 
et al., 1984; Tenreiro et al., 1995a; Chung et al., 
1997; M. Y. Chen et al., 2002). 

The strains of this genus use carbohydrates, 
organic acids, and amino acids as sources of car- 
bon and energy. None of the strains of the genus 
Thermus appears, however, to be able to carry 
out fermentation. The strains of the species of 
the genus Thermus have a respiratory metabo- 
lism and many are strictly aerobic. Some strains 
are also capable of growth under anaerobic con- 
ditions using nitrate as electron acceptor; some 



strains also reduce nitrite (Hudson et al., 1989; 
Santos et al., 1989; Manaia et al., 1994; Chung 
et al., 2000). A few strains (among them SA-01 
and NMX2 Al, classified as T scoto ductus), use 
N 03 ~\ Fe(III) and S° as terminal electron accep- 
tors coupled to growth (Kieft et al., 1999). These 
strains also reduce Mn(IV), Co(III), Cr(VI) and 
U(VI). Another strain of T scotoductus, desig- 
nated IT-7254, oxidizes thiosulfate to sulfate in 
the presence of organic carbon sources (Skirnis- 
dottir et al., 2001). The enhancement of growth 
by thiosulfate in medium containing organic 
carbon substrates, such as acetate, indicates that 
the organism is facultatively chemolithohet- 
erotrophic. Thermus thermophilus HB27 may 
also be able to obtain energy from reduced sulfur 
compounds, since several gene homologues 
related to sulfur oxidation are present in the 
genome of this organism (Henne et al., 2004). 

The strains of the species of the genus Meio- 
thermus also have a respiratory metabolism, and 
most strains seem to be strictly aerobic. How- 
ever, some strains are also capable of growth 
using nitrate as electron acceptor, but none of 
the strains appears to be capable of carrying 
out fermentation. All strains are chemoorgan- 
otrophic, growing on amino acids, peptides and 
proteins and simple and complex carbohydrates. 
The strains of M. cerbereus and some strains of 
M. silvanus require reduced sulfur compounds, 
such as thiosulfate, cysteine, or thioglycolate, for 
growth in liquid media but not in the correspond- 
ing medium solidified with agar. Under the con- 
ditions examined, sulfate is not produced during 
growth on thiosulfate, and the requirement for 
reduced sulfur compounds during growth in liq- 
uid medium cannot be easily explained. The type 
strain of M. ruber oxidizes thiosulfate to sulfate, 
although this strain shows no requirement for 
reduced sulfur compounds and growth is not 
improved by their addition to the growth 
medium (Chung et al., 1997). The oxidation of 
thiosulfate to sulfate by the type strain of M. 
ruber may be analogous to the so-called “gratu- 
itous oxidation of sulfur compounds” found in 
other heterotrophic bacteria (Das et al., 1996). 

The majority of the isolates of the species of 
the genus Thermus form yellow-pigmented colo- 
nies, although the color varies considerably from 
deep yellow to very pale yellow. Many strains, 
isolated primarily from man-made environments 
that are maintained dark, are nonpigmented, 
although yellow-pigmented strains can also be 
isolated in low numbers in these environments. 
Nonpigmented Thermus strains have been iso- 
lated from abyssal hot springs, although some 
isolates were also yellow-pigmented (Marteins- 
son et al., 1995). In some strains, pigmentation 
appears to be an unstable characteristic because 
spontaneous nonpigmented mutants are fre- 
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quently produced that never revert to yellow- 
pigmentation. Moreover, the consistent isolation 
of nonpigmented strains from dark environ- 
ments leads to the hypothesis that the yellow 
pigmentation of Thermus is favored in natural 
thermal areas exposed to sunlight where caro- 
tenoids would protect the cells from sunlight, 
while nonpigmented strains would have a selec- 
tive advantage in nonilluminated environments 
because the production of carotenoids is ener- 
getically expensive and serves no useful function. 
A gene cluster involved in latter part of the syn- 
thesis of carotenoids in strain HB27 is located in 
the megaplasmid designated TT27 (Henne et al., 
2004). Carotenoid-overproducing mutants are 
more resistant to ultraviolet irradiation than the 
wild-type strain and carotenoid-underproducing 
mutants are (Hoshino et al., 1994; Tabata et al., 
1994). Nevertheless, the carotenoid-overproduc- 
ing mutants grow slower than the wild-type 
strain at supraoptimal temperatures. These 
results could explain why nonpigmented strains 
predominate in dark environments over pig- 
mented strains. The curing of carotenogenic 
gene-containing plasmids from plasmid-bearing 
strains under laboratory conditions could also 
explain the high frequency of pigmentation loss 
by some strains in the laboratory. 

The strains of four of the five species of the 
genus Meiothermus form reddish-pigmented col- 
onies, although the color varies considerably 
from orange-red to deep red. The differences in 
pigmentation appear unrelated to the site of iso- 
lation or to the taxonomic status of these strains, 
because isolates recovered from the same geo- 
thermal area and belonging to the same species 
can have different pigmentation (Hensel et al., 
1986; Sharp and Williams, 1988; Chung et al., 
1997). The strains of M. chliarophilus form bright 
yellow-pigmented colonies (Tenreiro et al., 
1995a). This species has been recovered only 
from one hot spring in central Portugal, and the 
isolates may belong to one clone. It is possible, 
therefore, that strains of M. chliarophilus origi- 
nating from other geothermal areas could also 
produce red-pigmented cells. However, recent 
results show that isolates of “Meiothermus timi- 
dus” from the Azores and from Continental Por- 
tugal produce yellow-pigmented cells, leading us 
to envision that this new species has a stable 
yellow pigmentation. 

The peptidoglycan of the strains of the genus 
Thermus contains L-ornithine as the diamino 
acid and glycylglycine as the interpeptide bridge 
(Merkel et al., 1978; Pask-Hughes and Williams, 
1978), consistent with the A3(3 murein type of 
Schleifer and Kandler (1972).TTiis peptidoglycan 
type is also found in species of the genera Meio- 
thermus and Deinococcus (Hensel et al., 1986; 
Embley et al., 1987; Sharp and Williams, 1988). 



The major respiratory quinone of the strains of 
all the genera of the family Thermaceae is 
menaquinone 8 (MK-8; Collins and Jones, 1981; 
da Costa et al., 2001b; Miroshnichenko et al., 
2003a; Miroshnichenko et al., 2003b; Sako et al., 
2003). The presence of ornithine and MK-8 cor- 
roborates the phylogenetic interpretation that 
the genera of the Thermaceae and Deinococcus 
are related to each other, although they share 
few other phenotypic characteristics. 

The polar lipid composition of the species of 
Thermus consists of one major phospholipid, 
designated phospholipid 2 (PL-2), and one major 
glycolipid, designated glycolipid 1 (GL-1), which 
comprise 80-95% of the total polar lipid phos- 
phorus and carbohydrate. Other minor polar lip- 
ids, namely phospholipid 1 (PL-1) and glycolipid 
2 (GL-2), are also detected by thin-layer chro- 
matography in most strains of the genus Ther- 
mus (Prado et al., 1988; Donato et al., 1990). The 
major glycolipid of several strains has been 
identified as a diglycosyl-(A-acyl)glycosaminyl- 
glucosyldiacylglycerol, which contains three hex- 
ose residues and one A-acylated hexosamine. 
The polar head group of GL-1 may contain N- 
acylglucosamine or A-acylgalactosamine, three 
glucose residues, two glucose residues plus one 
galactose, or one glucose plus two galactose res- 
idues (M. Oshima and Yamakawa, 1974; Prado 
et al., 1988; Wait et al., 1997). The terminal galac- 
tose, present in GL-1 of several strains, such as 
T thermophilus strain HB8, is in the rare fura- 
nose configuration instead of the more common 
pyranose configuration (Wait et al., 1997). The 
polar lipid composition of the species of Meio- 
thermus consists of one major phospholipid that 
is probably very similar to PL-1 of the strains of 
Thermus spp. and two prominent glycolipids, 
designated “glycolipid la” (GL-la) and “gly- 
colipid lb” (GL-lb), that migrate very close to 
each other (Donato et al., 1991; Tenreiro et al., 
1995a; Chung et al., 1997). The formation of two 
separate glycolipids by Meiothermus spp. is due 
to the differential binding of fatty acids to the 
hexosamine of the polar head group; 2-hydroxy 
fatty acids are exclusively amide-linked to the 
hexosamine of GL-la, whereas 3-hydroxy and 
saturated branched-chain fatty acids are amide- 
linked to the hexosamine of GL-lb (Wait et al., 
1997; Ferreira et al., 1999). 

Unexpectedly, terminally and subterminally 
branched long chain diols, identified as 16- 
methylheptadecane-l,2-diol and 15-methylhe- 
ptadecane-l,2-diol, were detected as major 
components of GL-1 and GL-2 of T scotoductus 
X-1 and T filiformis Tok A4 (Wait et al., 1997). 
Similar diols were also recently detected as 
major glycolipids of other T scotoductus strains 
(Balkwill et al., 2004). Long chain diols had 
only been detected in Thermomicrohium roseum 
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(which apparently lacks glycerol-based lipids), 
where they appeared to be the exclusive back- 
bone structure of the polar lipids (Pond et al, 
1986; Pond and Langworthy, 1987). In the species 
of Thermus, long chain diol-based lipids never 
completely replace the normal glycerolipids. The 
levels of diols vary with the strain, and some 
strains have only vestigial amounts. Long chain 
diols have also been identified in the glycolipids 
of Meiothermus spp. (Ferreira et al., 1999; M. Y. 
Chen et al., 2002). The presence of long chain 
diols in Thermomicrohium roseum, Thermus and 
Meiothermus species, in conjunction with 16S 
rDNA phylogenies, leads to the hypothesis that 
these lipid backbones reflect a distant but 
definite relationship between the Deinococcus- 
Thermus phylum and the phylum Thermomi- 
crobi (van de Peer et al., 1994). 

Iso- and a/rtmo -branched C15:0 and C17:0 
fatty acids are the predominant acyl chains of the 
strains of the genera Thermus and Meiothermus. 
Straight chain saturated fatty acids and unsatur- 
ated branched chain fatty acids are minor com- 
ponents at the optimum growth temperature in 
the vast majority of the strains (Donato et al., 
1990; Nobre et al., 1996a); nevertheless, straight 
chain C16:0 reaches levels of about 20% of the 
total fatty acids in T thermophilus AT-62 (Nobre 
et al., 1996a). Ao-branched fatty acids predomi- 
nate over a/rteAo-branched fatty acids in the vast 
majority of the strains at the optimum growth 
temperature (Nobre et al., 1996a) except in 
the type strain of T filiformis, where anteiso- 
branched fatty acids account for 60-70% of the 
fatty acids (Table 3). Some strains of the genus 
Thermus, namely most strains of T aquaticus and 
the type strain of T filiformis, also contain mod- 
erate levels of branched chain 3 -hydroxy fatty 
acids. 3 -Hydroxy fatty acids are exclusively 
amide-linked to the galactosamine present in the 
glycolipids but are never present in the strains 
where glucosamine replaces galactosamine (Car- 
reto et al., 1996). Branched-chain 2-hydroxy 
fatty acids account for 7-13% of the total fatty 
acids of all strains of the genus Meiothermus 
examined (Tenreiro et al., 1995a; Nobre et al., 
1996a; Chung et al., 1997; M. Y. Chen et al., 
2002). The strains of M. ruber and M. cerbereus 
also contain appreciable amounts of branched- 
chain 3-hydroxy fatty acids (Table 4), but these 
are practically absent in M. chliarophilus and M. 
silvanus (Nobre et al., 1996a; Chung et al., 1997). 

With the exception of the strains of T thermo- 
philus, none of the organisms of the genera Ther- 
mus and Meiothermus grow in media containing 
over 1% NaCl. The majority of the strains of T 
thermophilus are halotolerant and grow in yeast 
extract-containing media with 3-6% NaCl. Tre- 
halose is the primary compatible solute, but 
lower amounts of mannosylglycerate also con- 



tribute to the osmotic balance during salt stress 
(Nunes et al., 1995; Empadinhas et al., 2003; 
Silva et al., 2003). Three structurally linked genes 
for the synthesis of trehalose, namely otsA 
(encoding trehalose-phosphate synthase), otsB 
(encoding trehalose-6-phosphate phosphatase), 
and treS (encoding the maltose-converting treh- 
alose synthase), lead to the synthesis of treha- 
lose, and structurally linked mpgs (encoding 
mannosylphosphoglycerate synthase) and mpgp 
(encoding mannosylphosphoglycerate synthase), 
lead to the synthesis of mannosylglycerate in 
strains RQ-1, Fiji3 Al, PRQ-14, B and T-2. These 
organisms grow in a defined medium (without 
yeast extract, as a source of trehalose) containing 
up to 6% NaCl. Strains HB8, GK24 and AT-62 
that do not have a complete otsA gene and strain 
HB27 that does not possess the otsA-otsB-treS 
gene cluster do not synthesize trehalose and do 
not grow in media containing more than 2% 
NaCl. Strain CC-16, which lacks mpgs-mpgp but 
possesses otsA, otsB and treS, only grows in 
media containing up to 1% NaCl. Apparently, 
mannosylglycerate is important during low level 
osmotic adjustment, while trehalose is a compat- 
ible solute with a role in osmotic adjustment in 
media containing higher concentrations of salt 
(Silva et al., 2003; S. Alarico et al., unpublished 
results). The species of the genera Marinither- 
mus, Vulcanithermus and Oceanithermus, in con- 
trast to the species of Thermus and Meiothermus, 
inhabit marine hydrothermal vents and are all 
slightly halophilic. 

The Genera Marinithermus, 

Vulcanithermus 

and Oceanithermus 

Species belonging to the genera Marinithermus, 
Vulcanithermus and Oceanithermus have been 
recently described (Miroshnichenko et al., 
2003a; Miroshnichenko et al., 2003b; Mori et al., 
2004; Sako et al., 2003). Surprisingly, indepen- 
dent manuscripts describing two of these clearly 
distinct genera with the same generic epithet 
were submitted almost simultaneously to the 
International Journal of Systematic and Evolu- 
tionary Microbiology, leading to a change in 
one name while the manuscripts were being 
reviewed. These organisms originate from abys- 
sal hydrothermal areas on the East Pacific Rise, 
the Suiyu Seamount off Japan, and the Mid- 
Atlantic Ridge and are thermophilic, with an 
optimum growth temperature range of 60-70°C. 
All species require at least 0.5% NaCl for growth 
and have an optimum NaCl concentration 
for growth of about 3%. The colonies are 
nonpigmented or cream-colored. The species 



Characteristic Marinithermus hydrothermalis Tl^ Vulcanithermus mediatlanticus TR^ Oceanithermus profundus 506^ Oceanithermus desulfurans St55B 
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Symbols: +, present; and -, absent. 

Abbreviations; MK-8, 2-methyl-3 -prenyl- 1,4-naphthoquinone, a lipophilic nonprotein component of the electron transport chain in bacteria, with a prenyl side chain containing eight isoprene 
units; wo-Ci 5 ;o,; wo-Ci 7 :o,; iso-Ci^-x, anteiso-Cis-o ', 3-OH Cn:o,; and nd, not determined. 

From Miroshnichenko et al. (2003a, 2003b), Sako et al. (2003), and Mori et al. (2004). 
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Marinithermus hydro thermalis is strictly aerobic 
and heterotrophic (Sako et al, 2003), but Ocean- 
ithermus profundus (Miroshnichenko et al, 
2003a), O. desulfurans (Mori et al., 2004) and 
Vulcanithermus mediadanticus (Miroshnichenko 
et al., 2003b) are microaerophilic, are faculta- 
tively anaerobic, and, with the exception of O. 
desulfurans, can utilize molecular hydrogen as a 
source of electrons in the presence of an organic 
carbon source (Table 5). These organisms have 
optimum O 2 concentrations for growth of 2-6%; 
electron acceptors for anaerobic respiration 
depend on the organism but include nitrate, 
nitrite or elemental sulfur. Fermentation has not 
been detected. 

Interestingly, the cells of these species resem- 
ble those of Thermus and Meiothermus. Some 
species, namely the two species of Oceanither- 
mus, form “rotund bodies” similar to those seen 
in Thermus strains. The fatty acid composition of 
these novel organisms, composed primarily of 
saturated iso- and a/rt^Ao-branched chains, 
closely resembles that of Thermus spp. and Meio- 
thermus spp. However, V. mediadanticus, O. pro- 
fundus and O. desulfurans have very high levels 
of unsaturated fatty acids that can reach over 
30% of the total fatty acids. Moreover, branched 
chain cyclopropane fatty acids derived from the 
unsaturated fatty acids were also detected in 
small amounts in V. mediadanticus. The polar lip- 
ids of V. mediadanticus are composed of phos- 
pholipids and glycolipids that appear to be very 
similar if not identical to those of Thermus spp., 
but O. profundus has only phospholipids, which 
is a novel characteristic within the family Ther- 
maceae, whose members also possess glycolipids. 

Applications 

The exploitation of thermostable enzymes is a 
major goal of biotechnology; however, the main 
thrust is directed to the utilization of enzymes 
from organisms that grow at or near the boiling 
point of water, leaving out organisms that grow 
in the temperature range of of the Thermus-likc 
organisms. Despite all the interest in the bio- 
technological exploitation of hyperthermophilic 
organisms, T aquaticus YT-1 produces one of the 
most valuable enzymes in scientific and eco- 
nomic terms. This enzyme is, of course, the Taq 
polymerase. This enzyme made the polymerase 
chain reaction (PCR) and thereby recombinant 
DNA technology possible, and even other poly- 
merases from hyperthermophiles have not 
replaced the Taq polymerase. 

Compatible solutes such as glycerol and treh- 
alose have been extensively used to protect 
proteins, enzymes, and cells from thermal dena- 
turation, from desiccation, and during long-term 



storage. Other compatible solutes, like ectoine, 
have also been found to be useful in cosmetics, 
and additional functions may be forthcoming as 
applied research finds new solutions for modern 
needs. Mannosylglycerate has been found to be 
more efficient than other solutes in protecting 
model enzymes from heat denaturation and 
freeze-drying and may, in the future, replace 
other compatible solutes for these purposes 
(Ramos et al, 1997; Borges et al., 2002). Thermus 
thermophilus appears to be the organism of 
choice for the production of this compatible sol- 
ute since all other thermophilic or hyperthermo- 
philic organisms that produce this compatible 
solute grow very poorly or are too fragile for 
industrial production. Moreover, recombinant 
production of the compound remains elusive in 
many industrial strains. 
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Introduction 

The first multicellular filamentous anoxygenic 
phototrophic bacterium was discovered in ther- 
mal environments (Pierson and Castenholz, 
1971) and was soon described as a new genus and 
species with the name of “ Chloroflexus aurantia- 
cus'' (Pierson and Castenholz, 1974a). The 
organism showed gliding motility and contained 
pigment-bearing vesicles called “chlorosomes.” 
Chlorosomes are generally observed in green 
sulfur bacteria that are strictly anaerobic pho- 
totrophs sensitive to oxygen. The pigment- 
bearing vesicles in Chloroflexus aurantiacus were 
very similar, both structurally and functionally, 
to those in green sulfur bacteria (Schmidt, 
1980a). Aside from this pigment resemblance, 
however, significant differences were found 
between the filamentous organism and green sul- 
fur bacteria. In addition, this new phototroph 
apparently differed in many phenotypic charac- 
teristics from purple bacteria, which is another 
type of anoxygenic photosynthetic bacteria. 
TTierefore, the new family Chloroflexaceae was 
created for this filamentous phototroph contain- 
ing prominent features (Trfiper, 1976). 

Following the description of Chloroflexus 
aurantiacus, related mesophilic filamentous pho- 
totrophs were found in freshwater habitats: Two 
genera, Chloronema (Dubinina and Gorlenko, 
1975) and Oscillochloris (Gorlenko and Pivo- 
varova, 1977; Keppen et al., 1994), were individ- 
ually proposed for the isolates. Like Chloroflexus 
aurantiacus, these mesophiles are morpholo- 
gically filamentous, show gliding motility, and 
contain chlorosomes as light-harvesting compo- 
nents. On the other hand, a chlorosome-less 
filamentous phototroph, Heliothrix oregonensis, 
was also found in a hot spring (Pierson et al., 
1984a). The Chloroflexus-\ikQ bacterium is an 
interesting organism in that it does not contain 
bacteriochlorophyll (Bchl) c but does contain as 
its sole chlorophyll species Bchl a. Recently, 
another chlorosome-less filamentous phototroph 
was newly isolated from a hot spring and pro- 
posed as Roseiflexus castenholzii (Hanada et al., 
2002b). Although Roseiflexus castenholzii, like 



Heliothrix oregonensis, lacks Bchl c and chlo- 
rosomes, genotypic and phenotypic comparisons 
showed that they were phylogenetically distant 
from each other. 

Filamentous morphology and gliding motility 
are typical features of these organisms, whereas 
these properties are seldom observed in any 
other anoxygenic photosynthetic bacteria, i.e., 
purple bacteria, green sulfur bacteria, and the 
heliobacteria. The phylogenetic analysis based 
on 16S rRNA sequence also supported the soli- 
tary taxonomic position of this group: Oyaizu 
et al. revealed that Chloroflexus aurantiacus 
belonged to a deep branching lineage (phylum) 
of the domain Bacteria together with the genera 
Herpetosiphon and Thermomicrohium, which 
are comprised of nonphototrophic bacteria, and 
that Chloroflexus aurantiacus was phylogeneti- 
cally distant from any other photosynthetic 
group (Oyaizu et al., 1987). 

The phototrophic group (as well as the phylo- 
genetic phylum) was at first called “green non- 
sulfur bacteria,” because the first discovery 
possessed chlorosomes, a trait typical of green 
sulfur bacteria. However, this appears to be a 
misnomer for the following reasons: 1) the group 
is clearly distant from green sulfur bacteria and 
2) two of the total of five phototrophic genera 
have no chlorosomes and indeed are not green 
but red to orange. Therefore, two new general 
terms representing the photosynthetic group 
have been proposed: “multicellular filamentous 
green bacteria” (Pfennig, 1989) and “filamentous 
anoxygenic phototrophs” (Pierson and Casten- 
holz, 1995). Considering the common features of 
the members (and desiring to avoid calling them 
“green”) in this chapter, we use the term “fila- 
mentous anoxygenic phototrophs” (FAPs) to 
refer to this phototrophic group composed of the 
family Chlorofiexaceae. 

FAP organisms have been observed in marine 
and hypersaline environments as well as in hot 
springs and freshwater habitats (Stolz, 1983; 
D’Amelio et al., 1987; D’Amelio et al., 1989; 
Mack and Pierson, 1988; Venetskaya and Gerasi- 
menko, 1988; Garcia-Pichel et al., 1994; Pierson 
et al., 1994). These halophiles are morphologi- 
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cally diverse: They vary in cell diameter, and 
some hypersaline filaments have complex inter- 
nal membranes seldom observed in Chloroflexus 
aurantiacus. Most marine and hypersaline FAPs 
contain chlorosomes as well as Bchl a and c as 
photosynthetic pigments (and sometimes Bchl 
d).The one exception to this is the marine purple 
filaments described by D’Amelio et al. (1987). 
J. A. Klappenbach and B. K. Pierson (unpub- 
lished observation) found that the FAPs previ- 
ously described in enrichment cultures (Pierson 
et al., 1994) were phylogenetically related to 
other chlorosome-containing FAPs. Nubel et al. 
(2001) investigated, by rRNA-based comparison, 
the phylogeny of hypersaline Chloroflexus-\ikQ 
organisms that formed microbial mats in evapo- 
ration ponds in a saltern. They revealed that 
these hypersaline filaments were phylogeneti- 
cally related to FAPs. As mentioned above, FAPs 
are distributed throughout various environments 
and have significant physiological, morphologi- 
cal and taxonomic diversity. 

FAPs are important to the study of the evolu- 
tion of photosynthesis. It is clear that FAPs are 
phylogenetically distant from purple bacteria 
and are phenotypically very distant from them as 
well. However, these two groups resemble each 
other structurally and functionally in their pho- 
tochemical reaction centers (the reaction center 
is an essential protein that contains bacteriochlo- 
rophylls for the primary action in photosynthe- 
sis). On the other hand, several FAPs obviously 
possess chlorosomes as a light-harvesting system 
like that of green sulfur bacteria, in spite of the 
phylogenetic distance between these two photo- 
synthetic groups. Xiong et al. (2000) reported 
that the gene sequences of encoded enzymes for 
the biosynthesis of bacteriochlorophylls were 
closely related between the green sulfur bacteria 
and the FAPs. These findings indicate that FAPs 
are so-called “chimeric organisms” endowed 
with the purple bacterial photochemical system 
and the green bacterial light-harvesting system. 
This presents a puzzle in understanding the evo- 
lution of photosynthesis, since these three pho- 
tosynthetic groups are phylogenetically diverse 
from one another. To explain the discrepancy 
between the taxonomic distance and photosyn- 
thetic similarity, the possibility of horizontal 
transfers of photosynthetic genes between these 
groups was suggested (Blankenship, 1992). 

A similar discrepancy between the pho- 
totrophic groups is also found in the pathways of 
carbon dioxide fixation. Recently, Keppen et al. 
(2000) separated a mesophilic species Oscil- 
lochloris trichoides from the family Chloroflex- 
aceae and proposed a new family name 
Oscillochloridaceae for the mesophilic species. 
One of the notable features of this organism is 
the presence of a reductive pentose phosphate 



cycle, i.e., the Calvin-Bassham-Benson cycle 
(Ivanovsky et al., 1999). Chloroflexus aurantia- 
cus does not use this type of pathway to fix car- 
bon dioxide, but uses the 3-%droxypropionate 
cycle (Holo, 1989; Strauss and Fuchs, 1993) or 
the reductive dicarbonate cycle (Ivanovsky et al., 
1993) as do the early branched-off bacteria and 
chemoautotrophs of Archaea. It is quite interest- 
ing that Oscillochloris trichoides includes the 
reductive pentose phosphate cycle, because this 
carbon dioxide fixing pathway is found generally 
in autotrophs that belong to the Proteobacteria 
or Cyanobacteria. 

As mentioned above, there are interesting 
evolutionary peculiarities in the photosynthetic 
group that includes the family Chloroflexaceae. 
Therefore, it is possible that FAPs may be key 
organisms in resolving the process of evolution 
in carbon dioxide fixation as well as in photosyn- 
thetic systems. 

Phylogeny 

Until the early 1990s, only one 16S rRNA 
sequence, that of Chloroflexus aurantiacus, was 
available for phylogenetic analysis in the family 
Chloroflexaceae. Over the past decade, how- 
ever, sequence data have been increasing for 
the filamentous anoxy genic phototrophs (FAPs). 
Molecular techniques containing enzymatic 
amplification of nucleotides and cloning have 
made possible the determination of rRNA (or its 
gene sequence) of members in mixed cultures or 
natural microbial mats. Weller et al. (1992) deter- 
mined a partial 16S rRNA sequence of Helio- 
thrix oregonensis in coculture with Isosphaera 
pallida and succeeded in obtaining several Chlo- 
roflexus-XQXcitQd clone sequences from microbial 
mats in a hot spring. Similarly, Nubel et al. (2001) 
analyzed the phylogeny of filamentous anoxy- 
genic phototrophs in hypersaline environments 
and gave us phylogenetic information about 
halophilic species. Through culture-independent 
rRNA sequence analysis. Boomer et al. (2002) 
determined the taxonomic position of filamen- 
tous phototrophs that formed the distinct red 
bacterial mats in hot springs. Gich et al. (2001) 
were successful in sequencing the 16S rRNA 
gene of a possible Chloronema giganteum in a 
mixed culture through molecular techniques. 
Chloronema giganteum is thought to be a fresh- 
water species, though it remains to be isolated. 
Phylogenetic analyses, not only on axenic cul- 
tures but also on enriched cocultures and natural 
microbial communities, are key to understanding 
the phylogenetic diversity of FAPs and the rela- 
tionships between them. 

Figure 1 shows the FAP phylogenetic tree 
based on 16S rRNA sequences of its members. 
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Fig. 1. A phylogenetic tree showing the relationship among the filamentous anoxygenic phototorophs (FAPs) and related 
non-phototrophic species based on 16S rRNA gene sequence. Bootstrap confidence values from 100 bootstrap replicates are 
indicated at the branching points. Bar = 5 nucleotide substitutions in 100 nucleotides in 16S rRNA sequences. The accession 
number of each reference species is shown in parentheses. 



with clone sequence data obtained from mixed 
cultures and natural microbial mats. The tree 
indicates that each of the four phenotypes (ther- 
mophilic, mesophilic, halophilic or chlorosome- 
less filaments) forms an individual phylogenetic 
cluster or clusters and does not intermingle with 
the others. Two mesophilic freshwater species, 
Oscillochloris trichoides and Chloronema gigan- 
teum (the clone sequence was obtained from a 
mixed culture), are related to each other, and 
these are placed beside a coherent cluster com- 
posed of thermophilic Chloroflexus aurantiacus 
and Chloroflexus aggregans. Chlorosome-less fil- 
aments are divided into two lineages, one repre- 
sented by Heliothrix oregonensis and the other 
by Roseiflexus castenholzii, with a great phyloge- 
netic distance between them. The Roseiflexus lin- 
eage contains clone sequences obtained from 
microbial mats in Yellowstone National Park 
(United States): five clone sequence series, e.g., 
Hs2 and Witch, from the red-colored bacterial 
mats that comprised chlorosome-less filamen- 
tous phototrophs (Boomer et al., 2002) and a 
clone sequence, named “OS-C,” from microbial 
mats in Octopus Spring in the Lower Geyser 
Basin, Yellowstone National Park (Weller et al., 
1992). Heliothrix oregonensis is related to clone 
sequences retrieved from hypersaline environ- 
ments by Nfibel et al. (2001). This cluster is a 
widely diverse assemblage composed mainly of 
a lot of clone sequences obtained from microbial 
mats in evaporation ponds with various salinities 
(5.5-16%). It also includes two different 16S 



rRNA gene sequences (P4-1-0 clone A and P4- 
1-0 clone B) recovered from an enrichment of 
halophilic FAPs. Nubel et al. (2001) reported 
that the enriched halophilic filaments in medium 
containing 9% sea salt had in vivo absorption 
maxima at 850 and 755 nm (which were due to 
Bchl a and c, respectively), showed gliding motil- 
ity, and had filaments resembling those of the 
“marine Chloroflexus -like, organisms” (MCLOs) 
described by Pierson et al. (1994). The sequence 
similarities between Heliothrix oregonensis and 
the hypersaline clone sequences are approxi- 
mately 84-86%. Although these values are very 
low, a high bootstrap confidence (83%) at the 
branching point strongly suggests that Heliothrix 
oregonensis and halophiles belong to the same 
assemblage, in spite of their clear phenotypic 
differences. One must be cautious in this inter- 
pretation, however, because the 16S rRNA data 
from Heliothrix include only a partial sequence. 
Because of this, it was omitted from all p%loge- 
netic trees published in Ber gey's Manual of Sys- 
tematic Bacteriology (Pierson, 2001). 

The divergence within the 16S rRNA 
sequence of the FAPs that comprise the family 
Chloroflexaceae and its relatives is very large 
(more than 22%). Although this group contains 
only five genera, phylogenetically it is as diverse 
as larger taxa, such as Proteobacteria and Gram- 
positive bacteria. Recently, and chiefly by taking 
account of the rRNA sequence difference, a 
mesophilic freshwater species, Oscillochloris 
trichoides, was separated from the family Chlo- 
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roflexaceae. A new family name, Oscillochlori- 
daceae, was proposed for it. From a phylogenetic 
viewpoint, still more families might be separately 
created for a few of the five genera, e.g., Helio- 
thrix and Roseiflexus, and also marine or hyper- 
saline relatives, as species become isolated. 

Within the Bacteria, the phylum that includes 
the FAPs as shown in Fig. 1 also includes filamen- 
tous chemotrophs but not the more distantly 
related unicellular chemotrophs included in Fig. 
1. The phototrophs form a cohesive group. Spe- 
cies of Herpetosiphon are the closest chemo- 
trophic relatives. Together these phototrophs 
and filamentous chemotrophs have similar mor- 
phological and gliding properties, and the species 
that have been analyzed (the genera Chlo- 
roflexus and Herpetosiphon) have similar wall 
structure. 

Within the phototrophs, the “green” genera 
which contain chlorosomes and accessory light- 
harvesting Bchl c or d appear to form a branch 
distinct from the “red” genera which lack 
chlorosomes and have only Bchl a. The genera 
Chloroflexus , Oscillochloris, Chloronema, the 
hypersaline MCLO (marine and hypersaline 
Chloroflexus-liko organism) and other hypersa- 
line strains are all closely grouped. Each genus 
has no more than 85% similarity to the others, 
suggesting that they might represent four differ- 
ent clades at the level of family. The genus Rose- 
iflexus and the red mat sequences reported by 
Boomer et al. (2002) appear to group together 
(distinct from the green line) but also do not 
show tremendous closeness. The one exception 
to this generalization is the genus Heliothrix, 
which lacks chlorosomes and falls within the 
“green” group in Fig. 1. Cautious interpretation 
is required, however, since the Heliothrix 
sequence is limited in length. The lack of 
sequence data for the large red filaments studied 
by Boomer et al. (2000) is unfortunate, and it will 
be interesting to see whether they are eventually 
placed in the “red line.” The red line appears to 
be distant from either the chemoheterotrophic 
genus Herpetosiphon or the green line. 

This chapter emphasizes the 16S rRNA phy- 
togeny but other relevant phytogenies that 
include Chloroflexus aurantiacus and examine its 
relationships to other phototrophs have been 
constructed using Hsp60 and Hsp70 signature 
sequences (Gupta et al., 1999), group 1 and 2 a 
factors (Gruber and Bryant, 1997; Gruber and 
Bryant, 1998a), and RecA sequences (Gruber 
et al., 1998b). The position of Chloroflexus in a 
deeper branch of the 16S rRNA tree than other 
phototrophs does not correlate with the sug- 
gested pattern of evolution of photosynthetic 
genes obtained from sequence analysis of pig- 
ment synthesis genes (Xiong et al., 2000). Since 
much of the photosynthetic apparatus may have 



been acquired in different lines of descent by 
lateral gene transfer, phylogeny of the organisms 
does not necessarily correlate with evolution of 
photosynthetic ability. 

Taxonomy 

Five genera have been described as filamentous 
anoxygenic phototrophs (FAPs): Chloroflexus, 
Chloronema, Oscillochloris, Roseiflexus and 
Heliothrix. The genus '' Chlorocrinis'' (Ward 
et al., 1998) does not exist. This was a tentative 
name originally proposed for the organism sub- 
sequently named ‘‘Chloroflexus aggregans 
additional organisms have been well character- 
ized and will certainly constitute new genera, the 
marine and hypersaline Chloroflexus -\iko organ- 
ism (MCLO; Pierson et al., 1994) and the red hot 
spring mat filaments (RCR; Boomer et al., 2000). 
Although most of the genera are readily distin- 
guished from each other by 16S rRNA (Fig. 1), 
distinguishing phenotypic features are not 
always very obvious and some of the differences 
are subtle (see Table 1). These features are dis- 
cussed in more detail in the section “IDENTIFI- 
CATION.” This section highlights the taxonomic 
difficulties posed by the relative lack of and over- 
lap of phenotypic characters. 

The genera Chloroflexus, Oscillochloris, Chlo- 
ronema and the MCLO are readily distinguished 
from Heliothrix, Roseiflexus and the RCR 
because the first four organisms all contain Bchl 
c or d and chlorosomes in addition to Bchl a. 
However, distinguishing among these four green 
organisms by phenotypic characters is not easy. 
Oscillochloris species appear to be sulfide- 
dependent and to grow primarily photolithoau- 
totrophically or photoheterotrophically. They do 
not grow well aerobically, although some strains 
may grow well under microaerobic conditions. 
Chloroflexus species, however, grow best photo- 
heterotrophically and also grow well under 
aerobic conditions. Gas vesicles are frequently 
observed in the genus Oscillochloris and have 
not been reported in the genus Chloroflexus. 
Oscillochoris chrysea has incomplete septa lined 
with chlorosomes. The genus Chloroflexus has 
its chlorosomes confined to the cell periphery. 
Oscillochloris species have been observed in 
muds and in algo -bacterial mats up to 45°C. 
Chloroflexus species are found in hot spring mats 
in the presence or absence of sulfide at temper- 
atures around 45°C and at much higher temper- 
atures. However, organisms appearing identical 
to the genus Chloroflexus have been observed 
in mesophilic freshwater (Gorlenko, 1976) and 
marine habitats (Mack and Pierson, 1988). The 
genus Chloronema also has gas vesicles and is 
larger in diameter than Chloroflexus species and 



Table 1. Differential characteristics of the validly described filamentous anoxygenic phototrophs. 

Physiological subgroup Chloroflexus species Mesophilic freshwater forms Chlorosome-less FAPs 

Genus Chloroflexus Oscillochloris (the family Oscillochlortdaceae) Chlaronema Heliothrix Roselflexus 
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Oscillochloris trichoides, but is narrower than 
Oscillochloris chrysea. Chloronema species are 
planktonic, unlike all the other filamentous 
anoxygenic phototrophs. The MCLO is readily 
distinguished from the other three green genera 
on the basis of habitat (found in hypersaline 
microbial mats), dependence on high sulfide, and 
its distinctive ultrastructure with infoldings of 
the cell membrane forming pockets lined with 
chlorosomes on the cytoplasmic side (Pierson 
et al, 1994). 

The three organisms lacking chlorosomes are 
more readily distinguished from each other. All 
contain Bchl a and are found in hot spring micro- 
bial mats. Roseiflexus castenholzii has narrow fil- 
aments (1.0 pm or less in diameter) and lacks 
internal membranes (Hanada et al., 2002). Helio- 
thrix oregonensis is larger (1.5 pm in diameter) 
and also lacks internal membranes (Pierson et 
al., 1984a; Pierson et al., 1985b). The RCR fila- 
ments are also 1.5 pm in diameter, but the cells 
contain abundant internal membranes (Boomer 
et al., 2000). 

The genus Chloroflexus has two species, Chlo- 
roflexus aurantiacus and aggregans. The species 
are readily distinguished by 16S rRNA but phe- 
notypically are very similar except for the aggre- 
gating ability of Chloroflexus aggregans (Hanada 
et al., 1995a). 

The genus Oscillochoris has two species, Oscil- 
lochoris trichoides and chrysea, which can be 
distinguished on the basis of size and ultrastruc- 
ture. Oscillochoris chrysea is very large (4-5 pm 
in diameter) and has partial septa bearing 
chlorosomes. 

The genus Chloronema has the species 
Chloronema giganteum and the incompletely 
described species Chloronema spiroideum. 

A higher level taxonomy has recently been 
described in the Ber gey’s Manual of Systematic 
Bacteriology (Castenholz, 2001; Garrity and 
Holt, 2001). The phylum formerly described as 
the green nonsulfur bacteria has been named the 
“phylum Chloroflexi” after the genus Chlorof- 
lexus, the most thoroughly studied genus in this 
group. The phylum contains one class, the 
“Chloroflexi.” All members are Gram-negative 
filamentous gliding bacteria lacking a lipo- 
polysaccharide-containing outer membrane and 
containing L-ornithine instead of the diami- 
nopimelic acid in the peptidoglycan. These 
organisms are phylogenetically related by 16S 
rRNA analysis and have been divided into two 
orders: the “Chloroflexales,” which contains all 
the phototrophic organisms (or at least the 
organisms containing Bchl), and the “Herpetosi- 
phonales,” which are not photosynthetic and 
contain no Bchl. The “Chloroflexales” contains 
only one family, the “Chloroflexaceae,” which 
includes all the filamentous anoxygenic pho- 



totrophic bacteria. The phylogenetic distances 
between the genera in the 16S rRNA tree, how- 
ever, are great enough to warrant taxonomic dis- 
tinction at the level of family. Consequently, one 
proposal already exists to create a new family, 
“Oscillochloridaceae,” for the genus Oscillochlo- 
ris. The current descriptions of these two families 
will need refining before any new families are 
created, partly because of the paucity of distin- 
guishing phenotypic characters. It may be that 
new families will be appropriate for all of the 
genera described here. Tlie phylogenetic position 
of Heliothrix oregonensis is more uncertain 
because only a partial sequence of its 16S rRNA 
has been determined. The RCR has yet to be 
sequenced. Nevertheless, on purely phenotypic 
characters, one could suggest the creation of 
two suborders, one including the “green line” of 
Chloroflexus, Oscillochloris, Chloronema, and 
the MCLOs, all of which contain Bchl c ox d and 
chlorosomes. The other suborder would include 
the “red line” of the genera Heliothrix, Rosei- 
flexus, and the RCR, which lack Bchl c and d 
and chlorosomes. The uncertain taxonomy of this 
group is a reflection of the limited number of 
species that were available for study until very 
recently. Our current suggestions are tentative as 
we gather more information about newly emerg- 
ing genera, and as cultivation techniques and 
sequence analyses improve, for strains previ- 
ously described on the basis of field observations 
only. 

Habitat 

The filamentous anoxygenic phototrophs (FAPs) 
belonging to the family Chloroflexaceae or the 
related family Oscillochloridaceae are widely 
distributed throughout various environments 
such as hot and cold springs, freshwater lakes, 
river water and sediments, and both marine and 
hypersaline environments. 

The Genus Chloroflexus 

Chloroflexus species, which are unbranched fila- 
mentous anoxygenic phototrophic bacteria with 
a diameter of about 1 pm, are generally found in 
neutral to alkaline hot springs. Both authentic 
species in this genus, Chloroflexus aurantiacus 
(Pierson and Castenholz, 1974a) and Chlorof- 
lexus aggregans (Hanada et al., 1995a), have 
been isolated from hot springs. Almost all strains 
in the genus Chloroflexus are thermophiles 
grown at around 55°C, and these organisms are 
distributed worldwide. In natural hot springs, the 
organisms formed yellow-orange-greenish mats 
with cyanobacteria. The mats vary in morphol- 
ogy and color, depending on temperature, pH, 
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Fig. 2. The microbial mat consists of a dark green layer 
(cyanobacteria) and yellow streamers (Chloroflexus sp.).The 
mat was collected from Okukinu Meotobuchi Hot Spring in 
Japan (57°C, pH 7.0). The length of yellow streamers is about 
10-15 mm. 



and sulfide concentration (Castenholz, 1984; J0r- 
gensen and Nelson, 1988; Castenholz and Pier- 
son, 1995). The Chloroflexus mats appear in hot 
spring effluents as thin orange films or yellow- 
orange streamers formed on the surface of dark 
green cyanobacterial mats (Fig. 2). 

In North America, Chloroflexus populations 
with cyanobacteria are found up to 70-72°C, and 
the lower temperature limits are 30-40°C, with a 
pH between 5.5 and 10 (Pierson and Castenholz, 
1995). These conditions are nearly the same even 
in hot springs in other regions, such as Japan, 
Italy and Iceland. In the extensive survey in Jap- 
anese hot springs, Chloroflexus strains were iso- 
lated from hot spring water at temperatures of 
50-70°C with pH of 6.4-8.2 (Hanada et al., 
1995b). Pentecost investigated a microbial com- 
munity in Italian hot springs with travertine 
deposits (Pentecost, 1995). Chloroflexus spp. 
were predominantly observed in these hot 
springs at 40-60°C and were isolated from 39.5- 
63.4°C (most abundantly from 55-60°C). J0r- 
gensen and Nelson studied microbial mats in Ice- 
landic sulfide-rich hot springs with pH of 7.5 and 
8.5 (J0rgensen and Nelson, 1988; Keppen et al., 
1994). They reported that Chloroflexus species 
were well developed at 55-66°C. Almost all 
researchers also mentioned observing these 
Chloroflexus IcymvobdiCtQvidX mats in hot springs 
with sulfide concentrations under 100 pm. In 
natural hot springs, Chloroflexus spp. appear 
to grow photoheterotrophically or chemohet- 
erotrophically by using substrates derived from 
cyanobacteria, since all isolated strains belong- 
ing to the genus Chloroflexus show good growth 
both in photoheterotrophic conditions (anaero- 
bically in the light) and chemohetero trophic con- 
ditions (aerobically in the dark). 



However, several researchers have reported a 
Chloroflexus strain growing independently with- 
out cyanobacteria. A dark green mat of nearly 
pure Chloroflexus strains was found in Yellow- 
stone National Park (Castenholz, 1988b). The 
hot water at that site contains a large amount of 
sulfide (up to 1000 pm), and this high concen- 
tration prevents cyanobacteria from growing. 
This Chloroflexus strain, designated the “GCF 
strain,” would grow photoautotrophically using 
sulfide as an electron donor in the hot springs. A 
physiological study of the GCF strain mat in the 
laboratory revealed that the strain showed sul- 
fide-dependent photoautotrophic growth but no 
respiratory growth in the presence of oxygen. A 
similar case was reported in Nakabusa Hot 
Spring, Nagano Prefecture, Japan (Sugiura et al., 
2001), in which the authors found pure Chlorof- 
lexus mats devoid of cyanobacteria. This type of 
mat was well developed at the high temperature 
zone (71-77°C; pH 8.5) preventing the growth of 
cyanobacteria (in Japan, no cyanobacteria are 
able to grow at a temperature of more than 
70°C, although cyanobacteria commonly can be 
seen at up to 73-74°C in western North 
America). The growth of the Chloroflexus mats 
is considered to be sulfide-dependent and photo- 
autotrophic, since the hot spring effluent 
includes sulfide. The high photoautotrophic 
activity, susceptibility to oxygen, and thermotol- 
erance of these cyanobacteria-independent 
Chloroflexus mats make them clearly different 
from any known strains of Chloroflexus auranti- 
acus or Chloroflexus aggregans. Therefore, these 
autotrophic strains may be classified as a new 
species in the genus Chloroflexus, although they 
have yet to be axenically isolated or phylogenet- 
ically analyzed. 

There is no evidence to support that Chlorof- 
lexus spp. grow in acidic (less than pH 6) or 
brackish-saline hot springs. In a survey of various 
hot springs over a wide area of Japan, no Chlo- 
roflexus mat was observed in such hot springs 
(Hanada et al., 1995b). In Japan, the organism 
also appeared to be absent in springs with high 
iron contents. However, Pierson and Parenteau 
(2000) found a Chloroflexus strain in an iron- 
depositing hot spring (Chocolate Pots, Yellow- 
stone National Park). The hot water contained a 
large amount of ferrous iron (the concentration 
was more than 100 pm). The Chloroflexus strain 
formed a microbial mat with a cyanobacterium, 
Synechococcus sp., in the hot water stream at 49- 
54°C. Since the Chloroflexus mats contain abun- 
dant iron deposits, it is quite possible that the 
Chloroflexus strain oxidizes ferrous iron as an 
electron donor for photosynthesis, which is 
known to occur in some species of purple bacte- 
ria and green sulfur bacteria (Ehrenreich and 
Widdel, 1994; Heising et al., 1999). 
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In addition to the thermophiles, a mesophilic 
variety of Chloroflexus aurantiacus, called Chlo- 
roflexus aurantiacus var. ‘‘mesophilus'' was also 
reported (Gorlenko, 1976; Pivovarova and Gor- 
lenko, 1977). The variety grows in the tempera- 
ture range of 10-40°C with an optimum at 20- 
25°C. The mesophile was isolated from mat com- 
munities in the bottom mud of freshwater lakes. 
Gorlenko (1976) mentioned that mesophilic 
Chloroflexus spp. are commonly observed in the 
anoxic zones of freshwater lakes. 



Mesophilic Freshwater Forms (the Genera 
Oscillochloris and Chloronema) 

Mesophilic freshwater species of the filamentous 
anoxygenic phototrophs, the genera Oscillochlo- 
ris and Chloronema, have been observed mainly 
in anaerobic environments containing significant 
amounts of sulfide, such as algobacterial mats 
formed on mud surfaces or the anoxic zones of 
freshwater lakes. In their habitats, they are often 
associated with purple sulfur bacteria and green 
sulfur bacteria, Beggiatoa and Oscillatoria. 

Almost no freshwater mesophiles have been 
isolated as pure cultures, and Oscillochloris 
trichoides is the sole species proposed and 
described on the basis of axenic cultures (the 
family Oscillochloridaceae was newly created for 
the organism; Keppen et al., 1994; Keppen et al., 
2000). Although strains of Oscillochloris tri- 
choides are basically freshwater forms, they have 
been observed in various fresh or brackish water 
environments, e.g., microbial mats in a sulfide- 
containing warm spring, shallow river water, a 
littoral estuary, and a brackish alkaline soda lake. 
The organism is a mesophile with optimal growth 
temperatures of 28-30°C, but it may occur in 
natural warm springs with temperatures up to 
45°C. Another species, Oscillochloris chrysea, 
with wide filamentous morphology (the cell 
diameters are 4.5-5.S pm) has been found on the 
surface of mud in freshwater streams with high 
organic content from domestic sewage effluents 
(Gorlenko and Pivovarova, 1977; Gorlenko, 
1988). 

Chloronema spp. have been observed below 
the chemoclines of freshwater lakes. One species 
in the genus, Chloronema giganteum, was found 
in the metalimnion and upper hypolimnion of 
shallow stratified freshwater lakes (Dubinina 
and Gorlenko, 1975; Gorlenko and Lokk, 
1979b). The lake waters contained ferrous iron 
with high concentrations and no or low concen- 
trations of hydrogen sulfide. Borrego et al. 
(1998) studied natural populations of anoxygenic 
phototrophs in the anoxic hypolimnion of 17 
holomictic lakes in the United States and Spain 
and indicated that Chloronema spp. were pre- 



dominant in 13 of those lakes during summer 
stratification. 



Chlorosome-less Filaments (the Genera 
Heliothrix and Roseiflexus) 

Possession of chlorosomes is one of the conspic- 
uous features of most FAPs. However, the group 
also contains two photosynthetic species lacking 
chlorosomes, Heliothrix oregonensis and Rosei- 
flexus castenholzii. Both species are thermo- 
philes and have been isolated from hot springs. 
Heliothrix oregonensis is found in some hot 
springs in western North America at tempera- 
tures up to 55°C, at approximately pH 8.5, with- 
out hydrogen sulfide (Pierson et al., 1984a; 
Pierson et al., 1985b). In the natural hot springs, 
the organism forms bright orange masses on the 
layer of cyanobacteria. Puffs and tufts often form 
on the surface of its mat where it is exposed to 
oxygen (Castenholz, 1988b). Heliothrix oregon- 
ensis is impressively dominant in small alkaline 
pools at the Warm Springs Indian Reservation 
(Oregon), and an apparently identical organism 
is also common in several alkaline hot springs in 
Yellowstone National Park. 

Another chlorosome-less filament is an organ- 
ism described as Roseiflexus castenholzii (Han- 
ada et al., 2002b). Phylogenetic analyses and 
phenotypic comparisons revealed that the organ- 
ism was not closely related to Heliothrix oregon- 
ensis, although both lack chlorosomes and 
contain Bchl a as the sole photosynthetic pig- 
ment. Roseiflexus castenholzii was first found 
in Japan’s Nakabusa Hot Spring. The organism 
forms a distinct, dense red layer underneath the 
mats of cyanobacteria and Chloroflexus spp. The 
red layer is dominated by Roseiflexus filaments. 
In Nakabusa hot spring, the Roseiflexus mat is 
observed at temperatures of 45.5-68.5°C at pH 
7.S-S.2 (Sugiura et al., 2001). The red mat is also 
observed in other Japanese hot springs, such as 
Meotobuchi (Tochigi Prefecture; 57°C, pH 6.8) 
and Atagawa (Shidzuoka Prefecture; 44°C, pH 
8.0). The morphological and spectroscopic prop- 
erties of the filaments in these hot springs are 
completely identical. Boomer et al. (Boomer et 
al., 2000; Boomer et al., 2002) reported on red 
mats in alkaline hot springs of Yellowstone 
National Park. The temperature and pH ranges 
of hot springs containing the mats were 30-50°C 
and 7.5-8.7, respectively. The phylogenetic anal- 
ysis based on 16S rRNA sequence revealed that 
the Yellowstone filaments were closely related to 
Roseiflexus castenholzii, but there were clear dif- 
ferences between these filaments and those of 
Roseiflexus castenholzii in morphological and 
spectroscopic characteristics. These differences 
suggest that the Yellowstone filaments belong 
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not to Roseiflexus castenholzii but to a novel spe- 
cies related to it. 

In addition, it was reported that a FAP con- 
taining only Bchl a was observed in hypersaline 
mats (the salinity of brine is about 8%). The 
organism was found in close association with 
a cyanobacterium, Microcoleus chthonoplastes 
(D’Amelio et al., 1987). Little is known about 
this hypersaline organism except for its morpho- 
logical properties. 

FAPs in Marine and Hypersaline 
Environments 

Chlorosome-bearing filamentous bacteria have 
been frequently observed in marine or hypersa- 
line environments (Pierson et al., 1994), 
although no pure culture has been isolated to 
date. In the marine intertidal environment, these 
organisms were most notably observed in associ- 
ation with species of Thiocapsa, Chloroherpeton, 
Oscillatoria and Beggiatoa (Mack and Pierson, 

1988) . It was demonstrated that these FAPs 
showed diel migration in the intertidal microbial 
mats. During the day, these filaments were found 
below the layer of a purple sulfur bacterium, 
Thiocapsa sp.; at night, they migrated to the sur- 
face. The migration could be induced artificially 
by changing the intensity of the illumination 
(Mack and Pierson, 1988). 

A lot of FAPs have been found globally in 
hypersaline environments, such as evaporation 
ponds of salterns. Stolz has identified the organ- 
isms involved in hypersaline microbial mats in 
Laguna Figueroa, Baja California, Mexico 
(Stolz, 1983; Stolz, 1984; Stolz, 1990) by transmis- 
sion electron microscopy. Using similar methods, 
D’Amelio et al. (1989) confirmed their occur- 
rence in Guerrero Negro in Baja California and 
in Solar Lake, on the Sinai Peninsula of Egypt. 
Venetskaya and Gerasimenko (1988) also 
detected them in the hypersaline lagoons near 
the Sea of Azov, Ukraine. 

The FAPs formed olive-green layers within the 
hypersaline microbial mats. The mats were com- 
posed of cyanobacteria, Beggiatoa, and some 
purple sulfur bacteria. The mats occurred in 
evaporation ponds at 18-21°C and pH V.8-8.4. 
Temperatures in the mats themselves often 
exceeded 30°C, and they reached 40°C in sum- 
mer. The salinities ranged from about 7 to 14% 
(Pierson et al., 1994). 

These filaments were identified only morpho- 
logically, but the pigment analysis on the mats in 
Guerrero Negro revealed the presence of y- 
carotene in particular layers (Palmisano et al., 

1989) ; this carotenoid is typical of FAPs. The 
molecular analysis of hypersaline mats in Guer- 
rero Negro by Nfibel et al. (2001) suggested that 
these filaments were obviously related to the 



FAPs. In addition, uptake experiments using ^"^C- 
labeled bicarbonate indicated that marine fila- 
ments clearly showed the light-dependent assim- 
ilation of carbon (Pierson et al., 1994). 

Isolation 

Of the filamentous anoxigenic phototrophs 
(FAPs), the following species have been isolated 
as axenic monocultures or as dual-cultures with 
a nonphototrophic bacterium: Chloroflexus 

aurantiacus and Chloroflexus aggregans isolated 
from hot springs; Oscillochloris trichoides, a 
mesophile from freshwater environments; and 
Heliothrix oregonensis and Roseiflexus casten- 
holzii, chlorosome-less thermophiles from hot 
springs. In this section, we show mainly the pro- 
cedures of enrichment, isolation, cultivation, and 
maintenance of these isolated species (especially 
the genus Chloroflexus, the first discovery among 
the FAPs). Also, several researchers have suc- 
ceeded in enriching other FAPs in fresh and saline 
habitats, although no axenic culture has been 
obtained. We therefore provide helpful informa- 
tion for enriching these other FAPs in freshwater, 
marine and hypersaline environments. 

The Genus Chloroflexus 

Facultative Thermophilic Species: Enrichment 
AND Isolation Almost all strains that have been 
isolated axenically are able to grow photohet- 
erotrophically and chemoheterotrophically and 
inhabit microbial mats in hot springs with cyano- 
bacteria. Microbial mats formed in hot springs 
(at approximately 30-70°C) should be collected 
in vials along with the hot water and brought to 
the laboratory at normal temperature (12-25°C) 
in darkness. The collected Chloroflexus strains 
retain their viability under these conditions. 
Cooler or warmer temperatures, or light irradia- 
tion, will usually shorten the survival time. Freez- 
ing as well as extensive exposure to oxygen 
should be avoided. Enrichment and isolation of 
these Chloroflexus strains are generally done 
according to the following procedures. 

Co-enrichment with cyanobacteria is a simple 
and usually successful method. A sample of a 
microbial mat is inoculated and incubated in 
a liquid medium for cyanobacteria, e.g., D 
medium. The incubation is done in a cotton- 
plugged flask under low-intensity light (1000- 
3000 lux; fluorescent or incandescent bulbs) at 
an appropriate temperature (e.g., 45-55°C). The 
one or more species of cyanobacteria grown in 
the medium will excrete organic compounds, 
which will support the heterotrophic growth of 
Chloroflexus strains. While these cultures also 
contain other non-phototrophic bacteria, the 
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coexistence of Chloroflexus strains with cyano- 
bacteria is very stable. 

A coculture can also be established on 1.5% 
agar-solidified D medium. Cyanobacteria grown 
on agar plates often glide out from the initial 
inoculum spot, sometimes forming fascicles or 
circling aggregates. These cyanobacteria may be 
transferred to fresh plates or to a similar liquid 
medium. The transferred cyanobacterial fila- 
ments invariably include Chloroflexus filaments. 
Occasionally, a bi-culture composed of a Chlo- 
roflexus strain and a cyanobacterium without 
other non-phototrophic contaminants may be 
obtained. 

Using an agar medium like the one described 
above, the photoheterotrophic Chloroflexus 
strains may be simply isolated from these cocul- 
tures with cyanobacteria or directly from micro- 
bial mats even in hot springs. A small piece 
(4-16 mm^) of the cocultured cyanobacteria or a 
collected mat sample is placed on 1.5% agar DG 
medium (D medium with 0.8 g/liter of glycylgly- 
cine as buffer; the pH is adjusted to 8.2 before 
autoclaving) and incubated at 45-50°C under 
illumination (fluorescent or incandescent bulbs; 
10-100 W/m^). After one to a few days, some of 
the cyanobacteria will have spread by gliding 
motility. Chloroflexus strains may be carried 
along with the cyanobacterial trichomes, since 
these trichomes generally glide more slowly than 
do cyanobacteria. However, wisps of gliding tri- 
chomes of Chloroflexus species will form fre- 
quently beyond the edge of the cyanobacteria 
(Fig. 3). These wisps of Chloroflexus strains may 
then be picked up with a watchmaker’s forceps 
and streaked on a new DG plate that contains 
yeast extract (0.02-0.2 g/liter). An axenic culture 




Fig. 3. Dual culture of Chloroflexus aurantiacus (NZ-Mar. 
62-fl) and the cyanobacterium Synechococcus lividus (OH- 
53-s) on an agar surface (DG medium, 45°C). The dark area 
at the lower left is the population of Synechococcus. The 
lighter swirls and wisps of filaments advancing toward the 
upper right are Chloroflexus. Bar = 0.2 mm. 



can be obtained by repeatedly picking fine tri- 
chomes, if possible a single filament, from 
the tips of spending wisps and streaking them 
(Fig. 4). 

For direct isolation of Chloroflexus strains, 
another method, using PE medium, was reported 
(Hanada et al., 1995b). PE medium is a newly 
designed medium containing acetate, glutamate, 
succinate, casamino acids, and yeast extract as 
carbon sources as well as some vitamins. As a 
buffering agent, phosphate is substituted for the 
glycylglycine used in previous methods for Chlo- 
roflexus, and the pH of the medium is adjusted 
to 7.5. Instead of the nitrate present in medium 
D, ammonium sulfate is added as a nitrogen 
source. The medium includes thiosulfate for pos- 
sible utilization. The PE medium can therefore 
support the heterotrophic growth of Chlorof- 
lexus strains independent of cyanobacteria. 

The collected bacterial mats may be dispersed 
and directly streaked on 1.5% agar plates of PE 
medium and then incubated at 55°C under incan- 
descent light (30 W/m^). Green or orange gliding 
trichomes will appear on the plate in a few days. 
The new medium, however, also will enrich aer- 
obic or fermentative non-phototrophic bacteria. 
To selectively enrich Chloroflexus strains, agar 
plates should be incubated alternately under aer- 
obic and anaerobic conditions after every trans- 
fer. Chloroflexus strains can sustain their growth 
under both conditions because they are generally 
facultative bacteria able to grow photohet- 
erotrophically under anaerobic conditions and 
chemotrophically under aerobic conditions by 
respiration. An easy and convenient way to 
achieve anaerobic conditions is to use an oxygen 
absorber called “the Ageless S-100” (Mitsubishi 
Gas Chemical Co., Tokyo, Japan) with a sealed 
nylon bag. By the repetition of alternate aerobic 
and anaerobic culturing, bacteria other than 




Fig. 4. Culture of Chloroflexus aurantiacus (OK-70-fl) on an 
agar surface at 45°C, 10 days after streak dilution. Single and 
double filaments are indicated by arrows. Bar = 0.2 mm. 
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Chloroflexus species will be efficiently removed. 
This is an efficient and reproducible method for 
isolating facultative Chloroflexus strains capable 
of growing both photoheterotrophically and 
chemoheterotrophically. 

Facultative Thermophilic Species: Cultivation 
AND Maintenance For the cultivation of Chlo- 
roflexus strains, variations of D medium are com- 
monly used. D medium is prepared as a 20-fold 
concentrated stock (pH 3) and can be stored at 
4°C without autoclaving. The culture medium 
(DG medium) is prepared by diluting the stock 
and adding glycylglycine ( 0.8 g/liter) as a buffer. 
Yeast extract (2.0 g/liter) and NH 4 CI (0.2 g/liter) 
are usually supplemented for liquid axenic cul- 
tures in screw-cap tubes or fiasks. The pH should 
be adjusted to 8.0-8.2 with NaOH before auto- 
claving. To exclude nitrate, the base of D 
medium has also been modified (Castenholz, 
1988a), since Chloroflexus strains require 
reduced forms of nitrogen (Brock, 1978) and the 
ND medium serves as an adequate substitute for 
D-based medium. In the DSMZ (Deutsche Sam- 
mlung von Mikroorganismen und Zellkulturen, 
the German Collection of Microorganisms and 
Cell Cultures), Chloroflexus strains are usually 
grown photoheterotrophically in D-based 
medium with 0.5 g of glycylglycine, 0.5 g of yeast 
extract, and 0.4-0.5 g of Na 2 S • 9 H 2 O per liter. To 
eliminate oxygen, sodium sulfide is added from 
a separate sterile solution after autoclaving and 
cooling. In all cases, the Chloroflexus medium is 
adjusted to pH 8.2 with NaOH prior to autoclav- 
ing. For photoheterotrophic growth, screw-cap 
tubes or fiasks should be filled to the top with 
preheated medium before incubation. All inocu- 
lated media are incubated and maintained at 
about 52-60°C under incandescent light (10- 
30 W/m^). Cultures at 55°C should be transferred 
every 7-14 days. Agar-shake cultures (containing 
1.0% agar) and agar plates (1.5% agar) are also 
used for maintaining these Chloroflexus species. 

Facultative Chloroflexus strains are tolerant of 
oxygen and may also be grown as chemohet- 
erotrophs by respiration. The same basic 
medium with yeast extract and casamino acids 
may be used with vigorous shaking or with an 
aeration system, using sterile-filtered line air. 
Aerobic growth has been sustained in DG 
medium plus 0.2 g of NH4CI, 0.5 g of yeast 
extract, 1.0 g of casamino acids, and 2.0 g of 
sodium acetate per liter (Sirevag and 
Castenholz, 1979). 

PE medium is another appropriate culture 
medium for all facultative Chloroflexus strains 
(Hanada et al., 1995b). The medium can be used 
for both photoheterotrophic and chemohet- 
erotrophic culturing. Chloroflexus strains grow 
with a good rate and yield in the medium 



whether in the anaerobic condition in light or in 
the aerobic condition in the dark. 

PE medium is also suitable for the mainte- 
nance of Chloroflexus cultures. The viability of 
most Chloroflexus strains can be extended to a 
few months by using PE medium as a mainte- 
nance medium in liquid anaerobic culture under 
low light intensity (less than 5 W/m^) at 55°C. 
Under these conditions, C. aurantiacus J-lO-fi 
survived in a screw-cap tube for 3 months with 
little degradation of its pigments. 

Cultivation of Strictly Photoautotrophic 
Species For species that are strictly photoau- 
totrophic, e.g., the GCF strain from sulfidic hot 
springs (Castenholz, 1973; Giovannoni et al., 
1987), a sulfide-containing inorganic medium, 
e.g., DGN medium with Na 2 S • 9 H 2 O (0.5 g/liter 
or about 2 mM final concentration) and NaCOs 
or NaHCOs (2.0 g/liter) as an inorganic carbon 
source (Madigan and Brock, 1977a; Brock, 1978) 
can be used. Since this physiological type of the 
genus Chloroflexus is very sensitive to oxygen, 
anaerobic procedures are necessary both for pre- 
paring media (e.g., purging with an anaerobic gas 
mixture) and for handling samples. Hungate 
tubes or other sealed anaerobic vessels with butyl 
rubber stoppers may be used for cultivation. Gio- 
vannoni et al. (1987) reported that the best liquid 
medium for photoheterotrophic growth was a 
DGN medium modified by adding 0.2-0.5 g of 
yeast extract and 1.0 g of D-glucose per liter. All 
strictly photoautotrophic cultures should be 
maintained at moderately thermophilic temper- 
atures (45-55°C) in dim light (5-10 W/m"). 

Cultivation of a Mesophilic Variety Gorlenko 
(1976) succeeded in the enrichment of a freshwa- 
ter, mesophilic variety of Chloroflexus aurantia- 
cus found in lake-bottom water and sediment 
columns supplemented with Na 2 S 04 ( 0.6 g/liter), 
Na 2 S • 9 H 2 O (0.1 g/liter), yeast extract (0.025 g/ 
liter), and casein hydrolysate (0.025 g/liter) at a 
temperature of 25-30°C under illumination 
(<30 W/m^). To isolate mesophilic strains, a tech- 
nique similar to that used for thermophilic 
strains can be used, although Gorlenko (1976) 
did not explain how he isolated the mesophile 
from an initial enrichment. A mesophilic Chlo- 
roflexus strain was cultured (Pivovarova and 
Gorlenko, 1977) within soft agar medium (0.4%) 
with mineral salts and supplemented with 0.4 g 
of Na 2 S 04 , 0.5 g of tryptone, and 0.5 g of yeast 
extract per liter (pH 7.0). The culture grew in the 
temperature range of 10-40°C. Pivovarova and 
Gorlenko (1977) maintained the mesophilic 
strain in soft-agar (0.4%) shake cultures in cot- 
ton-plugged tubes that were kept illuminated at 
approximately 30 W/m^ and warmed to 28°C. 



826 S. Hanada and B.K. Pierson 



CHAPTER 10.1 



Other Information Other information useful 
for enrichment, isolation, and maintenance is as 
follows. First, the addition of 3,4-dichlorophenyl- 
1,1-dimethylurea (DCMU) to 5-10 pm is a good 
way to selectively enrich Chloroflexus strains 
without cyanobacteria or to remove cyanobac- 
teria from mixed cultures, because the chemical 
compound prevents the cyanobacterial oxygenic 
photosynthesis. Second, manually picking an 
individual filament makes it possible to obtain a 
single clone of a strain. Finally, a dual culture 
with a cyanobacterium may offer the advantages 
of safe and stable maintenance of Chloroflexus 
strains. 



The Genus Oscillochloris (the family 
Oscillochloridaceae) 

Strain SR-1, the original type strain of Oscil- 
lochloris trichoides, was isolated from algobacte- 
rial mats by serial dilutions in test tubes 
(Gorlenko and Korotkov, 1979a). The isolation 
medium was a slightly modified version of a 
medium commonly used for green sulfur bacte- 
ria. The modified medium contained the follow- 
ing compounds: additional anhydrous Na2S04, 
330 mg/liter; yeast extract, 25 mg/liter; tryptone, 
25 mg/liter; vitamin B12, 20 pg/liter; Na2S • 9H2O, 
300 mg/liter; agar, 0.2-0.4%; and some trace ele- 
ments (pH 7.5). The incubation was done at 25- 
35°C under a light intensity of 2000 lux. By serial 
dilutions (3-4 times), associated phototrophic 
bacteria, mainly purple nonsulfur bacteria, were 
removed and mono-phototrophic cultures were 
established. The cultures still contained some 
non-phototrophic contaminants, including facul- 
tative anaerobic fermenting bacteria and sulfur- 
and sulfate-reducers. 

Whereas the enrichment of strain SR-1 was 
subsequently lost, another strain, DG-6, was iso- 
lated in pure culture and was described as the 
neotype strain of Oscillochloris trichoides (Kep- 
pen et al., 1993; Keppen et al., 1994). Following 
this description, further related strains have been 
isolated from fresh- and brackish-water environ- 
ments (Keppen et al., 2000). A slightly modified 
DGN medium (see above) was used for the iso- 
lation of these strains: Nitrates were omitted, 
and KH2PO4 (1 g/liter), 0.2-0.25% NaHCOs, 
0.02-0.1% Na2S • 9H2O and a vitamin mixture 
(Madigan et al., 1974) were added (occasionally 
0.25% Na2C03 was also added). The pH was 
adjusted to 8.2-9.0. Cultures were inoculated 
with bacterial mats from warm springs, river 
water, or lake water and were incubated under 
strictly anaerobic conditions at 28°C with illumi- 
nation of 1000 lux. 

All strains of Oscillochloris trichoides are 
maintained in the same medium and routinely 



cultivated in screw-cap bottles completely filled 
with medium under the same conditions as those 
used in the isolation. These strains are basically 
photoautotrophic growers, but their growth is 
promoted by the addition of some organic com- 
pounds, i.e., acetate, pyruvate, casein hydroly- 
sate, or yeast extract. 

Another species in the genus, Oscillochloris 
chrysea, has not been grown in semisolid agar 
media, thus no pure culture of this species has 
been obtained. 



The Genus Chloronema 

Although Chloronema spp., which are Bchl d- 
containing mesophilic organisms, generally dom- 
inate in the hypolimnion of freshwater lakes, no 
pure culture has been established and knowledge 
about cultivation of those filaments is also very 
limited. Recently, Gich et al. (2001) reported on 
the phylogenetic analysis of an enrichment of 
Chloronema established by Remy Guyoneaud. 
They have also obtained different enrichments 
from Little Long Lake, Wisconsin, and are study- 
ing properties of the Chloronema enrichments 
(F. Gich, personal communication). 

The Genus Heliothrix 

Heliothrix oregonensis was isolated from micro- 
bial mats at the Warm Springs Indian Reserva- 
tion, Oregon (Pierson et al., 1984a; Pierson et al., 
1985b). The chlorosome-less filamentous organ- 
ism is closely associated with a nonphotosyn- 
thetic aerobic bacterium, Isosphaera pallida 
(belonging to the family Planctomycetaceae in 
the phylum Planctomycetes). The organism can, 
therefore, be brought into coculture with 7. pal- 
lida. The medium used for isolation and enrich- 
ment is IMC medium (Pierson et al., 1984a) 
containing 0.025% glucose and 0.025% casamino 
acids as energy sources, along with some vita- 
mins. Heliothrix filaments can be collected from 
the orange-red microbial mat by a syringe with a 
17- or 18-gauge needle. The collected material 
should be washed immediately to remove unicel- 
lular cyanobacteria and other non-phototrophic 
cells. Since the filaments are large enough to be 
seen with a dissecting microscope at high resolv- 
ing power, they can be picked up manually. A 
single, axenic filament picked up is then inocu- 
lated into a pure culture of 7. pallida (strain IS- 
IB) on an agar plate and incubated aerobically 
at 45°C in the light. 

The coculture can be maintained on slants or 
plates of agar-solidified IMC medium (pH 8.1) at 
45°C under a moderate light intensity (3000 lux) 
in an atmosphere of 95% air and 5% CO2. The 
culture can be maintained by monthly transfers. 
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The Genus Roseiflexus 

Another chlorosome-less filamentous anoxy- 
genic phototroph, Roseiflexus castenholzii, is a 
facultative bacterium able to grow photohet- 
erotrophically in the light and chemohetero- 
trotrophically in the dark; it forms a distinct red 
layer within the microbial mats (Hanada et al, 
2002b). The red layer is composed predomi- 
nantly of the organism, whereas other phototro- 
phs, i.e., cyanobacteria and Chloroflexus spp., are 
rarely found in this layer. A collected red layer 
is cut into a small piece (about 100 mm^) and 
gently dispersed with a sterile homogenizer in 
buffer. The moderately dispersed filaments are 
then washed with sterile buffer and harvested 
by low-speed centrifugation. Most non- 
phototrophic unicellular contaminants may be 
removed by repeating this rinse process a few 
times. The rinsed Roseiflexus fragments are inoc- 
ulated on PE medium (pH 8.0) solidified with 
1.5% agar (see “The Genus Chloroflexus'' in this 
section) and anaerobically incubated at 50°C in 
incandescent light (30 W/m^). Red to reddish- 
brown colonies may be formed on the plate after 
a few weeks of incubation. The colonies may 
still contain non-phototrophic contaminants, 
e.g., thermophilic Bacillus spp. and Thermus spp. 
These contaminants can be removed by alternat- 
ing incubation under aerobic and anaerobic con- 
ditions after every transfer (see “The Genus 
Chloroflexus" in this section). 

Roseiflexus castenholzii is cultivated and main- 
tained in the same PE medium in screw-cap bot- 
tles under incandescent light (30 W/m^) or in 
flasks shaken vigorously (200 rpm) in the dark at 
50°C. The pH of the medium should be adjusted 
to 7.5. Also, 02YE medium (pH 7.5) has been 
used to culture the strain. This medium contains 
0.2% yeast extract, 0.38 g of KH2PO4, 0.39 g of 
K2HPO4, 0.5 g of (NH4)2S04, 1 ml of a vitamin 
mixture, and 5 ml of a basal salt solution per liter. 
The vitamin mixture and basal salt solution are 
the same as those used in PE medium. The aer- 
obic and anaerobic cultures should be trans- 
ferred every week and two weeks, respectively. 

Enrichments of Marine and 
Hypersaline FAPs 

No axenic culture of marine and hypers aline fil- 
amentous anoxygenic phototrophs (FAPs) has 
yet been obtained. Likewise no general, standard 
methods to enrich them have been established. 
However, several mixed cultures containing 
these organisms have been enriched and main- 
tained for several years (Pierson et al., 1994). A 
marine FAP from an intertidal habitat on 
Mellum Island, Germany, was maintained in 
a medium of normal seawater salinity. The 



medium is modified from the standard medium 
for marine purple and green sulfur bacteria 
(Pfennig and Trfiper, 1992). The modification 
includes the addition of acetate and yeast 
extract and the omission of sulfate. Aluminum 
phosphate is also added to the medium as an 
artificial sediment for the adhesion of gliding 
bacteria (Widdel and Bak, 1992). Hypersaline 
FAPs from evaporation ponds in salterns with 
various salinities have also been enriched suc- 
cessfully. The compositions of media used in suc- 
cessful enrichments vary, since they should be 
fitted to the chemical characteristics of their hab- 
itats. Most media, however, are based on the 
medium designed for the marine FAP mentioned 
above. The hypersaline FAP cultures obtained 
from microbial mats in Baja California have 
been enriched in a similar medium with addi- 
tional NaCl (the final concentrations are approx- 
imately 13-16%). Some hypersaline FAPs can 
also grow photoautotrophically in the presence 
of sulfide. For such strains, the range of sulfide 
concentrations is 0.25-10 mM, and growth is 
optimized in 2.5 mM sulfide. The optimal tem- 
perature for growth is 35-40°C, and no growth 
has been observed above 42°C. The cultures 
grow best under dim incandescent light (10 W/ 
m^). More details on the cultivation of marine 
and hypersaline FAPs are given in Pierson et al. 
(1994). 

Nubel et al. (2001) reported the successful 
enrichment of hypersaline FAPs from evapora- 
tion ponds in Guerrero Negro, Baja California, 
using a different medium. In that case, they used 
the inorganic medium for cyanobacteria (Garcia- 
Pichel et al., 1998) containing 9% commercial 
sea salts. The medium was also modified by add- 
ing NH4CI (200 mg/liter), yeast extract (250 mg/ 
liter), Na2S204 (70 mg/liter), Na2S • 9H2O (150 
mg/liter), DCMU (1.2 mg/liter), and resazurin 
(0.0001%) as a redox indicator. The incubation 
was done anaerobically at room temperature 
(20-25°C) under natural daylight. They observed 
that Bchl c-containing gliding filaments with a 
diameter of about 1 pm were grown in the 
enrichments. However, no growth was seen after 
subsequent transfers to fresh medium, and no 
cultures have been maintained. 



Identification 

All filamentous anoxygenic phototrophs (FAPs) 
have the following features: 1) unbranched mul- 
ticellular filamentous morphology; 2) gliding 
motility; and 3) anoxygenic photosynthetic activ- 
ity. Currently, an organism with this combination 
of features would be classified as a FAP, possibly 
in the family Chloroflexaceae or the family 
Oscillochloridaceae. The differential characteris- 
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tics of valid genera and species belonging to the 
FAPs are summarized in Table 1. The five FAP 
genera can be differentiated from each other by 
their pigmentation, morphology, and growth 
temperatures. Of these FAP genera, the pres- 
ence of chlorosomes is a notable trait in the three 
genera Chloroflexus, Oscillochloris and Chlor- 
onema. These chlorosome-containing FAPs also 
include a typical carotenoid, (3-carotene, as well 
as Bchl c (or d in the genus Chloronema) as 
photopigments, while no (3-carotene is detected 
in the chlorosome-less FAPs (the genera 
Heliothrix and Roseiflexus). The chlorosome- 
containing FAPs can be classified further into 
two groups, depending on their growth temper- 
atures: the genus Chloroflexus on the one hand 
and, on the other, the mesophilic freshwater 
forms. Chloroflexus consists of thermophiles that 
grow well at 55°C, with the sole exception of 
Chloroflexus aurantiacus var. '‘mesophilus'' 
(Dubinina and Gorlenko, 1975). In spite of the 
difference in growth temperature, the mesophilic 
variety of Chloroflexus is more similar morpho- 
logically and physiologically to the thermophilic 
Chloroflexus species than to the mesophilic 
freshwater genera, i.e., both mesophilic and ther- 
mophilic Chloroflexus species have slender 
filaments, respond similarly to oxygen, and lack 
gas vesicles. On the other hand, the mesophilic 
freshwater forms, which include the genera 
Oscillochloris and Chloronema species, have rel- 
atively thick morphologies and intracellular gas 
vesicles and in general are not highly tolerant to 
oxygen. Further information on identification 
and classification within these subgroups and 
genera is provided below. 

The Genus Chloroflexus 

The genus Chloroflexus contains two species, 
Chloroflexus aurantiacus and Chloroflexus 
aggregans. Chloroflexus aurantiacus is the type 
species of this genus, and almost all strains in the 
species are thermophilic filamentous bacteria 
with a diameter of about 1 pm. They are gener- 
ally found in neutral to alkaline hot springs, 
where they form microbial mats with or without 
cyanobacteria. Chloroflexus aurantiacus contains 
Bchl a and c as photosynthetic pigments, and the 
latter is present in intracellular vesicles (i.e., 
chlorosomes). The organism has a conspicuous 
peak at 740 nm in the in vivo absorption spec- 
trum of the near infrared (IR) region that is 
attributable to chlorosomes (Bchl c) and also 
shows absorption peaks at 808 and 868 nm in the 
near IR region that are due to Bchl a. It contains 
(3- and y-carotene and OH-y-carotene glucoside 
esters as carotenoid pigments. Chloroflexus 
aurantiacus can grow photoheterotrophically 
in the light and chemoheterotrophically in the 



dark. Some strains, e.g., strain OK-70-fl, are able 
to grow photoautotrophically by fixing carbon 
dioxide as the sole carbon source in the presence 
of sulfide. The respiratory quinone of the species 
is predominantly menaquinone (MK)-IO, and 
the major cellular fatty acids are palmitic (Ci6;o), 
stearic (Ci8;o), and oleic acids (Ci8;i). The mol% 
G-\-C of the DNA is 53.1-54.9% (by buoyant 
density [Bd]) or 56.9-57.1% (by high pressure 
liquid chromatography [HPLC]). 

Another species, Chloroflexus aggregans, is 
phenotypically very similar to the type species. 
However, there are clear differences between 
the two species: 1) the cells of Chloroflexus 
aggregans are wider than those of Chloroflexus 
aurantiacus’, 2) Chloroflexus aggregans contains 
mainly y-carotene and its derivatives, with only 
trace amounts of (3-carotene, whereas (3-carotene 
is a major component in Chloroflexus aurantia- 
cus’, 3) Chloroflexus aggregans includes a small 
but significant amount of MK-4 in addition to the 
dominant homologue MK-10. Besides these phe- 
notypic differences, the sequence similarity of 
16S rRNAs between the two species is very low 
(92.8%), warranting classification as different 
species. 

The Genera Oscillochloris and Chloronema 

The mesophilic freshwater forms, the genera 
Oscillochloris and Chloronema, are classified 
mainly according to their morphological and pig- 
mentation properties. Like Chloroflexus species, 
the Oscillochloris species are straight flexible fil- 
aments containing Bchl c as the major light- 
harvesting pigment. The Oscillochloris filaments 
have no sheath or a thin sheath. Another genus, 
Chloronema, consists of members containing 
Bchl d as the major light-harvesting pigment. The 
Chloronema filaments are often spirally twisted 
and thickly sheathed. 

The Genus Oscillochloris Of these mesophilic 
freshwater forms, Oscillochloris trichoides is the 
sole species whose description is based on axenic 
cultures. Oscillochloris trichoides strains have 
been isolated from fresh- and brackish-water 
environments. The filaments are 0.8-1.4 pm wide. 
The filaments may or may not have a thin sheath, 
or they may be surrounded by a thin layer of 
slime. Intracellular gas vesicles are formed along 
the cell septa (cross-walls). The organism is a 
mesophile grown optimally at 28-30°C, at pH 
6.8-9.0. The type strain is strictly anaerobic and 
obligately phototrophic. Its growth under photo- 
lithoautotrophic conditions can be detected in 
the presence of sulfide and/or molecular hydro- 
gen as the electron donors. The optimal concen- 
tration of sulfide (Na 2 S • 9 H 2 O) is 0.5-0.7 g/liter. 
The in vivo absorption spectra of cell suspen- 
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sions have maxima at 748 and 852 nm in the IR 
region. The photosynthetic pigment is Bchl c, 
with a small amount of Bchl a. Oscillochloris 
trichoides also contains (3-carotene and y-caro- 
tene. The predominant quinone is MK-10. The 
mol% G+C of the DNA is 59.2% (by the melting 
temperature method [Tm]). 

A different species, Oscillochloris chrysea, was 
also proposed within the genus. The organism 
has a large cell morphology (4.5-5.5 pm wide). 
The cell wall has no outer membrane but a thick 
peptidoglycan layer, and the cells are stained 
Gram positive. Phototrophic and probable 
chemotrophic growth occurs. The organism 
develops at 10-20°C, at pH 7.5-8.5. It contains 
Bchl a and c, as well as some carotenoids. Since 
no pure culture is available, little is known about 
other physiological and chemotaxonomic prop- 
erties of this species. 

The Genus Chloronema Chloronema species 
are gas-vesicle-containing straight or spiral- 
shaped filaments found in hypolimnion- 
metalimnion of freshwater stratified lakes. The 
notable feature of these filaments is the presence 
of Bchl d, which is not found in any other FAPs. 
An in vivo absorption peak of ctilorosomes in 
this group is obviously blue shifted (720 nm). 
This genus contains two species, Chloronema 
giganteum and Chloronema spiroideum. Since 
neither species has been isolated or cultivated 
successfully, the classification is based solely on 
morphology. Chloronema giganteum has a 
filamentous morphology with a diameter of 2.0- 
2.5 pm, while the diameter of Chloronema spiroi- 
deum filaments is slightly smaller (1.5-2.0 pm). 

The Genera Heliothrix and Roseiflexus 

The chlorosome-less FAPs consist of two genera 
{Heliothrix and Roseiflexus) that are phylogenet- 
ically distant from each other (the sequence 
similarity of 16S rRNA is 78.6%). Despite this 
distance, the pigment profiles of these two gen- 
era resemble each other. Both contain Bchl a as 
the sole photosynthetic pigment, and both lack 
any other bacteriochlorophylls. They have 
mainly y-carotene derivatives (precisely, keto- 
3,4-didehydro-OH-y-carotene; myxocoxanthin) 
as major carotenoids and, unlike the chlo- 
rosome-containing filaments, contain no (3- 
carotene. Each of these chlorosome-less 
filaments inhabits hot springs and forms distinct 
red or red-orange microbial mats in thermal 
environments. Other characteristics of these 
organisms appear below. 

The Genus Heliothrix The organism Helio- 
thrix oregonensis was isolated as a stable cocul- 
ture with a non-phototrophic aerobic bacterium. 



Isosphaera pallida. The coculture could grow at 
40-55°C. The growth was supported by mainly 
photoheterotrophic metabolism. The diameter 
of Heliothrix filaments is 1.5 pm, and the septa 
(cross-walls) can be seen with a phase-contrast 
microscope. The cells frequently contain large 
amounts of polyhydroxybutyrate granules. The 
in vivo absorption spectrum has conspicuous 
peaks at 795 and 865 nm (due to Bchl a) in the 
IR region. 

The Genus Roseielexus Roseiflexus casten- 
holzii is a filament (diameter of 0.8-1. 0 pm) and 
a thermophilic facultative phototroph that grows 
at 45-55°C and pH 7-9. The organism grows pho- 
toheterotrophically under anaerobic and light 
conditions, and aerobic growth in the dark occurs 
at full atmospheric oxygen tension. Neither 
photoautotrophic nor fermentative growth is 
observed. No invagination of intracytoplasmic 
membrane is present. The cell suspension shows 
absorption maxima at 801 and 878 nm in the IR 
region. Pigmentation occurs under both aerobic 
and anaerobic conditions. The cellular fatty acids 
consist of Ci6;o, and Ci 5 ;o, and no unsatur- 
ated fatty acids are detected. The respiratory 
quinone system is occupied predominantly by 
MK-11. The mol% G+C of the DNA is 62.0% 
(HPLC). 

Preservation 

All strains deposited in the German culture col- 
lection (DSMZ) and belonging to Chloroflexus 
aurantiacus or Chloroflexus aggregans can be 
preserved in liquid nitrogen (-196°C) under aer- 
obic conditions when 5% dimethylsulfoxide, 5% 
methanol, or 10% glycerol is used as a cryopro- 
tectant (Malik, 1998). The cultures are also suc- 
cessfully freeze-dried by avoiding exposure to 
oxygen during the process. Cultures thus pre- 
served show good survival rates after drying and 
in long-term storage. 

Little information is available about the long- 
term preservation of other FAPs, but Roseiflexus 
castenholzii can be safely stored in 15% glycerol 
at -80°C for at least a year. 

Physiology 

Among the filamentous anoxy genic phototrophs 
(FAPs), physiological information centers 
mostly on Chloroflexus aurantiacus, since the 
organism was identified early and the first to be 
isolated as a pure culture. In this section, we 
present a number of physiological findings of the 
extensive range of studies on Chloroflexus 
aurantiacus. We also mention important physio- 
logical properties that have been investigated in 
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several species, i.e., Chloroflexus aggregans, 
Heliothrix oregonensis, Oscillochloris trichoides 
and Roseiflexus castenholzii. 

Autotrophy 

While Chloroflexus aurantiacus generally grows 
well under photoheterotrophic conditions, some 
strains in this species can grow photoautotroph- 
ically. Madigan and Brock (1975) revealed that 
Chloroflexus aurantiacus strain OK-70-fl could 
oxidize sulfide photoheterotrophically, with fix- 
ing of carbon dioxide. Photoautotrophic growth 
is also achieved with hydrogen as an electron 
donor instead of sulfide (Holo and Sirevag, 1986). 
In the Chloroflexus aurantiacus strain OK-70-fl, 
the unique 3-hydroxypropionate cycle is oper- 
ated for fixing carbon dioxide (Sirevag and Cas- 
tenholz, 1979; Holo, 1989; Strauss et al., 1992; 
Eisenreich et al., 1993; Strauss and Fuchs, 1993). 
Glyoxylate is formed from acetyl-CoA after the 
fixation of two molecules of CO 2 by two respec- 
tive enzymes, acetyl-CoA and propionyl-CoA 
carboxylases, while acetyl-CoA is regenerated in 
this cycle (Menendez et al., 1999). Another fixing 
cycle, the reductive dicarboxylic acid cycle, is also 
proposed in a different Chloroflexus strain 
(Ivanovsky et al., 1993). Similar CO 2 fixing path- 
ways are widely found in autotrophic Crenar- 
chaeota, e.g., Sulfolobus, Metallosphaera and 
Acidianus (Menendez et al., 1999). 

Although photoautotrophic growth of the 
Chloroflexus strain is a very slow process, this 
type of metabolism apparently occurs in some 
hot springs (Castenholz, 1973; Giovannoni et al., 
1987). The GCF strain, a strain that grows with- 
out cyanobacteria in natural hot springs, shows a 
high level of sulfide-dependent phototrophic 
activity even in the laboratory. The GCF strain is 
unable to grow by respiration. The sulfide- or 
hydrogen-dependent photoautotrophy seen not 
only in GCF strain but also in Chloroflexus 
aurantiacus strain OK-70-fl is not observed in 
any other strains, e.g., strain J-lO-fl, the type 
strain of Chloroflexus aurantiacus, or in any 
strains of the closely related species, Chlorof- 
lexus aggregans. The inability of the GCF strain 
to respire may be due to its adaptation to anaer- 
obic environments without oxygenic cyanobacte- 
ria. Alternatively, the other Chloroflexus strains 
may have acquired a respiratory ability and high 
tolerance to oxygen after living in environments 
containing cyanobacteria. 

The freshwater mesophile Oscillochloris tri- 
choides can grow photolithoautotrophically 
using sulfide or hydrogen as an electron donor 
and carbon dioxide as a carbon source (the pref- 
erable mode is a photolithoheterotrophic growth 
in the presence of some organic acids). Because 
the type strain of this species (strain DG-6) 



clearly shows activities of ribulosebisphosphate 
carboxylase and phosphoribulokinase, it appears 
to fix carbon dioxide by the Calvin-Bassham- 
Benson cycle (Ivanovsky et al., 1999). The fixing 
cycle is generally found in autotrophs belonging 
to the Proteobacteria and cyanobacteria. 

Roseiflexus castenholzii, one of the chlo- 
rosome-less FAPs, is a “true” heterotroph and 
requires yeast extract for good phototrophic 
growth. No photoautotrophic growth has been 
observed in any cultural conditions (Hanada 
et al., 2002b). 

In marine and hypersaline FAPs, light- 
dependent uptake of bicarbonate was reproduc- 
ibly demonstrated in situ and in the laboratory 
(Pierson et al., 1994). 

Heterotrophy 

Almost all strains in the genus Chloroflexus can 
grow heterotrophically using various organic 
compounds (a number of sugars, organic acids, 
and amino acids) under either aerobic (in the 
dark) or anaerobic (in the light) conditions in the 
presence of folic acid and thiamine as growth 
factors and in the presence of inorganic carbon 
(Madigan et al., 1974; Pierson and Castenholz, 
1974a; Pierson and Castenholz, 1974b; Hanada 
et al., 1995a). The complex organic substrates 
(yeast extract and casamino acids) can substan- 
tially support the growth of both under either 
condition. 

In Chloroflexus aurantiacus, the tricarboxylic 
acid (TCA) cycle appears to operate under 
either aerobic or anaerobic conditions, either to 
supply reductant for respiration or to support the 
reductive assimilation of substrates, respectively 
(Sirevag and Castenholz, 1979). Krasil’nikova et 
al. (1986) found all enzymatic activities for the 
complete TCA cycle, whereas the activity was 
low for only a single enzyme, a-keto-glutarate 
dehydrogenase. The organism also contains the 
two key enzymes of the glyoxylate shunt, isoci- 
trate lyase and malate synthetase, and both 
activities are increased when cells grow on ace- 
tate (L0ken and Sirevag, 1982; Krasil’nikova 
et al., 1986). 

Chloroflexus aurantiacus has the Embden- 
Meyerhof pathway for glycolysis (Krasil’nikova 
et al., 1986; Krasil’nikova and Kondrat’eva, 
1987b). The cells grown on glucose showed 
higher activities of phosphofructokinase and 
fructose-diphosphate aldolase than those grown 
on acetate. Two enzymes in the pentose 
monophosphate pathway, glucose-6-phosphate 
dehydrogenase and 6-phosphogluconate dehy- 
drogenase, were also detected (Krasil’nikova et 
al., 1986). Some strains can grow by fermentation 
of sugar or pyruvate (Krasil’nikova and Kond- 
rat’eva, 1987b). End products of the fermenta- 
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lion on glucose are acetate, pyruvate, lactate, 
malate, ethanol, and occasionally formate (Kra- 
sil’nikova and Kondrat’eva, 1987b). 

In the presence of sulfide and bicarbonate, 
Oscillochloris trichoides can grow photolithohet- 
erotrophically on acetate, pruvate, casein 
hydrolysate, or yeast extract (Keppen et al, 
2000). However, it can use only a limited number 
of organic compounds because it lacks a com- 
plete TCA cycle and a glyoxylate shunt. The 
organism lacks activities of 2-oxoglutarate 
hydrogenase and isocitrate lyase, which are key 
enzymes in the cycle and shunt. Oscillochloris 
trichoides is also incapable of chemohet- 
erotrophic growth under aerobic or microaero- 
bic conditions in the dark. 

Roseiflexus castenholzii can grow photohet- 
erotrophically and chemoheterotrophically. 
Yeast extract is a good substrate for growth 
under either aerobic or anaerobic conditions. 
Citrate, glucose, and casamino acids are each 
also used as a sole carbon and energy source, 
though only under anaerobic light conditions, 
but the cell yields are clearly less than that 
obtained with yeast extract. 

Nitrogen Metabolism 

Chloroflexus aurantiacus grows well when 
ammonia is the sole nitrogen source, but nitrate 
does not support its growth (Heda and Madigan, 
1986). Heda and Madigan (1986) also reported 
that several amino acids (alanine, aspartate, 
glutamate, glutamine, glycine and serine) sup- 
ported good growth in all Chloroflexus strains 
tested. Cysteine supported good growth for most 
strains. Tyrosine and valine supported growth for 
all strains but with lower growth yields than 
those supported by the amino acids listed above. 
Proline, adenine, and urea did not serve as nitro- 
gen sources for any of the strains tested. Neither 
nitrogen fixation nor nitrogenase activity was 
detected in any strains of Chloroflexus aurantia- 
cus (Heda and Madigan, 1986). 

The pathways of nitrogen metabolism in this 
organism are partially understood. Ammonia 
assimilation apparently proceeds differently in 
Chloroflexus aurantiacus than in other pho- 
totrophic green or purple bacteria. The only 
enzyme present for ammonia assimilation is a 
glutamine synthetase, which is not repressed 
when cells are grown in high-ammonia culture 
media (Kaulen and Klemme, 1983). Although 
the glutamate synthase (GOGAT) generally col- 
laborated with glutamine synthetase in assimilat- 
ing ammonia, this enzyme was not detected in 
the same preparation. This may be due to prob- 
lems of preparation (Klemme, 1989). Details of 
this aspect of nitrogen assimilation remain to be 
clarified. 



In Chloroflexus aurantiacus, glutamate, ala- 
nine, and isoleucine are the main constituents of 
the intracellular amino acid pool in cells grown 
photosynthetically in minimal medium (Klemme 
et al., 1988). Two different enzymes with L- 
threonine (L-serine) dehydratase activity were 
found in Chloroflexus aurantiacus (Laakmann- 
Ditges and Klemme, 1986). One was sensitive to 
inhibition by isoleucine and could be biosyn- 
thetic for isoleucine, since the other key enzymes 
for its biosynthesis (asparto-kinase, homoserine 
dehydrogenase, and acetohydroxy acid synthase) 
were also present in cells grown photoautotroph- 
ically (Laakmann-Ditges and Klemme, 1988). 

Although nitrogen metabolism has been little 
investigated in other FAPs, nitrogenase activity 
has been detected in Oscillochloris trichoides by 
an acetylene reduction assay (Keppen et al., 
1989). Tliis finding suggests that the freshwater 
mesophile fixes molecular nitrogen for its 
growth. The organism can also use ammonium 
salts, urea, glycine, glutamate, glutamine, aspar- 
agine, and casein hydrolysate as nitrogen 
sources. 



Sulfur Metabolism 

Chloroflexus aurantiacus can use sulfate as a 
good source of sulfur for biosynthesis, and 
thiosulfate can also be used during photo- 
heterotrophic growth (Krasil’nikova, 1987a; 
Kondrat’eva and Krasil’nikova, 1988). Under 
photoheterotrophic conditions, cysteine, glu- 
tathione, methionine, or sulfide can serve as a 
sulfur source (Krasil’nikova, 1987a). With sulfate 
as a sulfur source, high levels of ATP sulfurylase 
activity were found, with optimal activity at 60- 
70°C (Krasil’nikova, 1987a). 

The utilization of sulfur compounds as elec- 
tron donors in photosynthetic growth has been 
reported by Madigan and Brock (1975) and 
Giovannoni et al. (1987). In some strains of 
Chloroflexus aurantiacus, sulfide was oxidized to 
elemental sulfur both photoautotrophically and 
photoheterotrophically. The produced sulfur was 
accumulated outside the cells. Sulfur granules 
affixed to the cells were observed frequently with 
a microscope. 

Oscillochloris trichoides can also use sulfide as 
an electron donor for photosynthesis (Keppen et 
al., 1993). The oxidation product of sulfide is ele- 
mental sulfur, and further oxidation of sulfur 
does not occur. The organism utilizes sulfide, cys- 
tine, and cysteine as sources of sulfur. Sulfate, 
however, does not support its growth (Keppen 
et al., 2000). 

Sulfide also appears to support photoauto- 
trophy even in marine and %persaline FAPs 
(Pierson et al., 1994). 
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Motility 

Gliding motility, a feature common to all FAPs, 
is a way of moving on a solid or semisolid surface 
without flagella-like propulsive organs (Casten- 
holz, 1982). It is a smooth movement observed 
typically among other multicellular filamentous 
bacteria (e.g., cyanobacteria and flexibacteria) 
or, sometimes, unicellular organisms (e.g., 
cytophaga and myxobacteria). The gliding rates 
vary among the FAPs: Chloroflexus aurantiacus 
glides at a rate of 0.01-0.04 pm/sec on a 1.5% 
agar surface (Pierson and Castenholz, 1974a); 
Oscillochloris trichoides glides at a rate of 
0.2 pm/sec (Keppen et al., 1993); Chloronema 
species are fast gliders, achieving speeds of about 
10 pm/sec (Gorlenko and Pierson, 2001); 
Heliothrix oregonensis exhibits a gliding rate of 
0.1-0.4 pm/sec (Pierson et al., 1985b). Gliding 
motility enables the organisms to form microbial 
mats together with cyanobacteria and other bac- 
teria in natural environments. 

Chloroflexus aggregans isolated from bacterial 
mats in hot springs is able to form bacterial 
mat-like dense cell aggregates rapidly in an 
axenic culture (Hanada et al., 1995a; Hanada 
et al., 2002a). Aggregate formation, which was 
observed among growing cells in a liquid 
medium in a bottle, occurred every time within 
20-30 min after the cells were dispersed by 
shaking. This has not been seen in any strains of 
the related species, Chloroflexus aurantiacus. 
However, Heliothrix oregonensis shows a similar 
rapid aggregation in cell suspensions (Pierson 
et al., 1984a). The bacterium has a fast gliding 
motility (1-3 pm/s) that is 100 times faster than 
that of Chloroflexus aurantiacus strains. The dis- 
tinct rapid cell aggregation of this organism 
appears to be due to its fast gliding. The cell 
aggregation rate is accelerated by increased 
cyclic AMP concentration in the cells (Hanada 
et al., 2002a). The similar acceleration of gliding 
and cell aggregation by cAMP has been reported 
among some gliding cyanobacteria (Ohmori 
et al., 1992). 

Gliding motility is also observed in the marine 
and hypersaline FAPs. These filaments show diel 
migration within microbial mats by their gliding 
movement (Mack and Pierson, 1988). 

Cellular Lipids and Cell Envelope 

The biochemical composition of the cell enve- 
lope and the composition of cellular lipids in 
Chloroflexus aurantiacus exhibit some unique 
properties. The polar lipids consist mainly 
of phosphatidylglycerol, phosphatidylinositol, 
monogalactosyldiglyceride, and diglycosyldiglyc- 
eride (Kenyon and Gray, 1974; Knudsen et al., 
1982). The predominance of phosphatidylinosi- 



tol in Chloroflexus aurantiacus is rarely found in 
other phototrophic bacteria. 

The cellular fatty acids of Chloroflexus auran- 
tiacus are predominantly straight-chain satu- 
rated and monounsaturated with Ci 6 _ 2 o chain 
lengths and with no detectable hydroxylated or 
cyclopropane-substituted chains (Knudsen et al., 
1982). The major components of these acids are 
Ci8:o, Ci6:o, and Ci8;i. The fatty acid profile of 
Oscillochloris trichoides is somewhat similar. The 
mesophile lacks longer-chain fatty acids (Ci 9 _ 2 o) 
and contains a significant amount of unsaturated 
fatty acids. The ratio of unsaturated to saturated 
fatty acids was 3.3-3. 8 in Oscillochloris trichoides 
and 0.63 in Chloroflexus aurantiacus, respec- 
tively (Keppen et al., 2000). The presence of 
highly saturated and somewhat longer-chain 
fatty acids is consistent with the thermophilic 
nature of Chloroflexus aurantiacus. The fatty 
acid profile was also determined in Roseiflexus 
castenholzii. The organism contained predomi- 
nantly saturated fatty acids (Ci 4 _i 6 ) and no unsat- 
urated fatty acids (Hanada et al., 2002b). The 
thermophile grows at slightly lower tempera- 
tures than Chloroflexus aurantiacus. This differ- 
ence may cause Roseiflexus castenholzii to 
include shorter-chain fatty acids than those 
found in Chloroflexus aurantiacus. 

The lipid extract of Chloroflexus aurantiacus 
contains a large variety of wax esters (C 28 -C 38 ; 
Knudsen et al., 1982). Similar wax esters (C37- 
C 40 ) are found in Roseiflexus castenholzii (M. T. 
J. van der Meer, submitted). The presence of the 
wax esters is observed infrequently among other 
bacteria, with a few exceptions. Although not 
clear, the function or role of the wax esters in 
these bacteria might be related to thermophily. 

The cell envelope of Chloroflexus aurantiacus 
apparently lacks the lipopolysaccharide (LPS) 
typical of Gram-negative bacteria. No hydroxy- 
lated fatty acids and no saccharides usually con- 
tained in outer-membrane LPS were detected in 
this organism (Knudsen et al., 1982). These fea- 
tures in the cell envelope of Chloroflexus auran- 
tiacus are very unlike the structural organization 
found in typical Gram-negative bacterial enve- 
lopes and more strongly resemble the features 
found in Gram-positive bacterial walls (Jurgens 
et al., 1987). The abundant complex polysaccha- 
ride bound to the rigid peptidoglycan layer con- 
tains sugar O-methyl ethers of hexoses and 
contains rhamnose, mannose, glucose, galactose, 
xylose and arabinose (Jurgens et al., 1987). 
Although the peptidoglycan of Chloroflexus con- 
tains A-acetyl-glucosamine, A-acetyl-muramic 
acid (about 15% of which is phosphorylated), L- 
alanine, D-alanine, and D-glutamic acid, the 
presence of L-ornithine instead of diami- 
nopimelic acid in the peptidoglycan of Chlo- 
roflexus also distinguishes it from the other 
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Gram-negative bacteria and substantiates the 
similarity in wall composition with Gram- 
positive bacteria (Jurgens et al, 1987). The 
unusual biochemical composition of the enve- 
lope of Chloroflexus aurantiacus is particularly 
interesting, since the cells stain Gram negative 
and ultrastructurally the envelope appears to be 
multilayered. Absent, however, is a well-defined 
outer membrane structure typical of Gram-neg- 
ative cell envelopes (Pierson and Castenholz, 
1974a; Staehelin et al., 1978). 

Interestingly, cells of Oscillochloris chrysea 
stain Gram-positive and have a very thick pepti- 
doglycan layer with no outer membrane (Gor- 
lenko, 1988; Gorlenko, 1989a). Although the 
cells of Oscillochloris trichoides have the Gram- 
negative type cell wall, they are variably stained 
in Gram staining. The hypersaline organisms 
also lack a well-defined outer membrane and 
are Gram- variable when stained (Pierson et al., 
1994). No well-defined outer membrane struc- 
ture has been recognized in the cells of Rosei- 
flexus castenholzii, which are apparently 
negatively stained. 

Pigment Synthesis and Regulation 

Bacteriochlorophylls Chloroflexus species 
contain bacteriochlorophylls a and c as photo- 
synthetic pigments. These bacteriochlorophylls 
are generally esterified with some long chain 
alcohol: Bchl a is esterified to phytol. Takaichi 
et al. (1995) reported that Bchl c in Chloroflexus 
aurantiacus existed as mixtures of stearyl, phytyl, 
geranylgeranyl, and cetyl/oleyl esters. The mix- 
ing ratio of esters depended on light intensity. 
Phytyl and stearyl esters were dominant in 
low-light growth conditions, while phytyl and 
geranylgeranyl esters dominated at high light 
intensity (Takaichi et al., 1995). 

These bacteriochlorophylls (both Bchl a and 
c) in Chloroflexus aurantiacus are synthesized via 
the glutamate-Cs pathway as in the cyanobacte- 
ria and the green and purple sulfur bacteria, 
rather than via the pathway involving 5-aminole- 
vulinic acid, as in some species of nonsulfur 
purple bacteria (Avissar et al., 1989; Kern and 
Klemme, 1989). 

Little is known, however, about the regulation 
of pigment synthesis at the molecular level in 
Chloroflexus aurantiacus. However, the synthe- 
sis of bacteriochlorophylls is apparently 
controlled by light intensity and oxygen concen- 
tration. Bacteriochlorophyll content decreases in 
the presence of high light intensity or oxygen 
(Pierson and Castenholz, 1974b; Oelze, 1992a), 
and both light and oxygen affect the structural 
development of the photosynthetic apparatus 
containing these pigments (Schmidt et al., 1980b; 
Sprague et al., 1981a; Sprague et al., 1981b; Feick 



et al., 1982). The change in the ratio of Bchl c to 
a in cells grown at different light intensities and 
adapted to reductions in oxygen levels suggested 
independent regulation of the two pigments 
(Pierson and Castenholz, 1974b; Sprague et al., 
1981b). Light intensity may influence pigment 
synthesis via an indirect effect on growth rate. By 
growing Chloroflexus aurantiacus in a chemostat 
and controlling the growth rate by regulating the 
dilution factor while keeping the light intensity 
constant, Oelze and Fuller (1987) showed that 
the specific contents of Bchl a and c increased at 
lower growth rates. Since light intensity has a 
direct effect on growth rate, it is difficult to dis- 
tinguish the relationships among these parame- 
ters without a chemostat. Cell protein levels, as 
well as specific Bchl a content, increased linearly 
with a decreasing growth rate, while the specific 
Bchl c content increased exponentially with a 
decreasing growth rate. Oelze and Sontgerath 
(1992b) also reported that pigment synthesis 
was affected by amino acids supplemented in 
the growth culture. The addition of serine, 
glutamate, or alanine to the growth medium 
stimulated the synthesis of bacteriochlorophylls. 

In a mesophilic FAP, Oscillochloris trichoides, 
a similar effect on the synthesis of bacteriochlo- 
rophylls by light and oxygen was also observed 
(Gorlenko and Pierson, 2001). 

Carotenoids Chloroflexus aurantiacus contains 
large amounts of carotenoids such as (3- and y- 
carotene as well as y-carotene derivatives. Taka- 
ichi et al. (1995) revealed that the y-carotene 
derivatives were OH-y-carotene glucoside ester 
and its intermediates. Halfen et al. (1972) 
detected no OH-y-carotene glucoside ester but 
rather OH-y-carotene glucoside in Chloroflexus 
cells. However, the absence of carotenoid ester 
was probably due to saponification (which 
degrades carotenoid glucoside esters into caro- 
tenoid glucosides) in their preparation (Takaichi 
et al., 1995). Some of the (3- and y-carotenes were 
in the cytoplasmic membrane, but most were in 
the chlorosomes, while the OH-y-carotene gluco- 
side esters were the predominant carotenoid in 
the membrane (Schmidt et al., 1980b). This OH- 
y-carotene derivative increased relative to the 
other carotenoids in cells grown at higher light 
intensities (Schmidt et al., 1980b) and may have 
a role in protecting the membrane-bound photo- 
chemical systems from the damaging effects of 
high light intensities. 

Like the Chloroflexus species, Oscillochloris 
trichoides also contains primarily (3- and y- 
carotene. However, Heliothrix oregonensis and 
Roseiflexus castenholzii lack (3-carotene and 
contain predominantly unique y-carotene deriv- 
atives, i.e., myxocozanthin derivatives (Pierson 
et al., 1984a; Takaichi et al., 2001). Takaichi et al. 
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(2001) suggested that the absence of (3-carotene 
resulted from the absence of chlorosomes in 
these organisms because the pigment is located 
mainly in chlorosomes in Chloroflexus species. 

Photochemical Reaction Center and Light- 
harvesting Apparatus The photochemical 
reaction center and primary light-harvesting 
apparatus of Chloroflexus aurantiacus have very 
interesting similarities to components within two 
diverse groups of phototrophs, purple bacteria 
and green sulfur bacteria, respectively. 

The photochemical reaction center of Chlorof- 
lexus aurantiacus is very similar to the reaction 
centers of the purple bacteria, despite some sig- 
nificant differences. The Chloroflexus reaction 
center is the smallest one known, being com- 
posed of two essential polypeptides, designated 
“L” and “M” subunits, and an additional mem- 
brane-bound cytochrome c complex. This reac- 
tion center apparently lacks a polypeptide, the H 
subunit, which is usually found in all purple bac- 
teria (Pierson and Thornber, 1983; Shiozawa et 
al., 1987). The pigment composition also differs 
from that of purple bacterial reaction centers. 
Chloroflexus has a photoreactive special pair or 
dimer of Bchl a molecules as do the purple bac- 
teria, but it has only one additional Bchl a mol- 
ecule and three bacteriopheophytin a molecules, 
rather than the two additional Bchl a and two 
bacteriopheophytin molecules found in the 
purple bacteria (Pierson and Thornber, 1983; 
Blankenship et al., 1984). Furthermore, the 
Chloroflexus reaction center lacks carotenoid 
pigments (Pierson and Thornber, 1983), and 
menaquinone is the electron acceptor for photo- 
chemistry, rather than ubiquinone (Vasmel and 
Amesz, 1983). Functionally, the reaction center 
of Chloroflexus aurantiacus is very similar to that 
of purple bacteria, and the intermediate electron 
acceptor in both is bacteriopheophytin a 
(Blankenship et al., 1983; Blankenship et al., 
1984; Kirmaier et al., 1983). The arrangement of 
the chromophores appears to be similar to that 
in purple bacteria, on the basis of spectroscopic 
measurements (Vasmel et al., 1986). The two 
subunits of the Chloroflexus reaction center are 
probably structurally similar to those of the pur- 
ple bacteria, since the L subunits exhibit a 40% 
deduced amino acid sequence homology and 
the M subunits 42% (Ovchinnikov et al., 1988a; 
Ovchinnikov et al., 1988b; Shiozawa et al., 1989). 
Within the pigment-binding regions of the two 
subunits, the sequence homology is higher (59- 
75%; Shiozawa et al., 1989). Thus, although 
Chloroflexus aurantiacus is phylogenetically dif- 
ferent from purple bacteria, their reaction cen- 
ters have strong structural and functional 
similarities. The lack of the H subunit in the 
Chloroflexus reaction center, slight differences in 



pigment composition, and intrinsic thermal sta- 
bility have little to do with the apparently highly 
conserved structural and functional characteris- 
tics of the sites directly involved in the primary 
photochemical act. 

The molecular organization of the primary 
light-harvesting system is particularly interest- 
ing, since it has a complex antenna involving 
accessory Bchl c housed in chlorosomes adjacent 
to the cell membrane. Although the size, compo- 
sition, and ultrastructure of the chlorosomes of 
Chloroflexus aurantiacus differ somewhat from 
those of green sulfur bacteria, both contain three 
low-molecular-weight chlorophyll-binding pro- 
teins, and the sequence homology between Chlo- 
roflexus aurantiacus and green sulfur bacteria 
is about 30% (Wechsler et al., 1985b; Wagner- 
Huber et al., 1988). The chlorosomes of Chlorof- 
lexus also appear to contain a small component 
of Bchl a, called a “baseplate” (Schmidt, 1980a; 
Sprague et al., 1981a; Feick et al., 1982), that 
appears to be involved in transferring excitation 
energy to additional antenna components in the 
cell membrane (Van Dorssen and Amesz, 1988). 
The baseplate was also found in green sulfur bac- 
terial chlorosomes, but these bacteria transfer 
excitation energy to the reaction center via a 
unique water soluble Bchl a protein not found in 
Chloroflexus. 

The green sulfur bacteria, however, do not have 
an intracytoplasmic membrane light-harvesting 
system similar to those found in Chloroflexus 
aurantiacus and purple bacteria. The Bchl a 
antenna in the cell membrane of Chloroflexus 
aurantiacus is very similar to that in the intra- 
cytoplasmic membranes of purple bacteria. In 
addition to harvesting light energy directly, how- 
ever, this antenna also funnels excitation energy 
from chlorosomes to the reaction center (Brune 
et al., 1987; Van Dorssen and Amesz, 1988; Witt- 
mershaus et al., 1988). The absorption properties 
of this light-harvesting complex, with maxima at 
805 and 865 nm, are similar to those of many 
purple bacteria, and the two polypeptides that 
bind the Bchl a molecules show significant 
sequence homology (27-40%) to the comparable 
polypeptides in purple bacteria (Wechsler et al., 
1985a; Wechsler et al., 1987). Watanabe et al. 
(1995), however, revealed that the transcriptional 
organizations differed between Chloroflexus 
aurantiacus and purple bacteria. In purple 
bacteria, genes of the Bchl a, containing light- 
harvesting polypeptides and reaction center 
polypeptides, form the same operon, but in Chlo- 
roflexus aurantiacus, the similar operon is divided 
into two. These two operons (genes for reaction 
center polypeptides on the one hand and, on the 
other, genes for hight-harvesting polypeptides 
and tetraheme cytochrome c554) are at least 
3 kb distant from each other. 
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Among all other FAPs, very few attempts have 
been made at structural, functional, and genetic 
studies of photochemical reaction centers or 
light-harvesting apparatuses. However, recent 
structural and genetic studies of the reaction cen- 
ter in Roseiflexus castenholzii have been under- 
taken, and so far it has been made clear that the 
Roseiflexus reaction center resembles that of 
Chloroflexus aurantiacus in structural and spec- 
troscopic respects (Takaichi et al., 2001). Further 
research on this organism would give useful 
information about the enigmatic photosynthetic 
nature of FAPs. 

Electron Transport System 

The electron transport chains of both pho- 
totrophically and chemotrophically grown cells 
of Chloroflexus aurantiacus were reviewed by 
Zannoni (1995). Phototrophic Chloroflexus cells 
contain multiple b and c type cytochromes, 
including the electron donor to the reaction cen- 
ter, tetraheme cytochrome C 554 (Zannoni and 
Ingledew, 1985; Wynn et al., 1987). There is 
strong evidence for the presence of a putative 
cytochrome bci complex in the membranes of 
phototrophically grown cells (Zannoni and 
Ingledew, 1985), as well as for the presence of 
cytochrome c-CO binding activity (Pierson, 
1985a; Zannoni and Ingledew, 1985; Wynn 
et al., 1987). A membrane-diffusible quinone 
(menaquinone- 10 ) is also abundantly involved in 
the cells. 

The cells include neither a soluble cytochrome 
C 2 nor a high-potential iron protein (HiPIP; Zan- 
noni, 1987), one and/or the other of which are 
essential electron transporters for either photo- 
synthesis or respiration in purple bacteria. The 
Chloroflexus cells contain two types of the novel 
blue copper protein, designated “auracyanin,” 
instead of these electron transporters (McManus 
et al., 1992). An analogous protein, plastocyanin, 
is present in cyanobacteria and chloroplasts. 
However, the crystal structure of an auracyanin 
(auracyanin B) recently reported by Bond et al. 
( 2001 ) indicated that the blue copper protein was 
related more closely to azurin (a blue copper 
protein found in some proteobacteria; Baker, 
1988) than to plastocyanin. 

The electron cycle process in the photosynthe- 
sis of Chloroflexus aurantiacus would be as fol- 
lows: Owing to excitation by photons, an 
electron in a “special pair” of Bchl a molecules 
is transferred to a bacteriopheophytin molecule 
(Becker et al., 1991) and then passes to a 
quinone within a reaction center core complex; 
a reduced quinone then diffuses from the reac- 
tion center into the membrane (Vasmel and 
Amesz, 1983; Mulkidjanian et al., 1998) and 
gives an electron to a putative membrane -bound 



cytochrome bci complex; an electron is returned 
by a blue copper protein to the reaction center 
via a cytochrome c554 that binds directly to the 
reaction center. 

Chemotrophically grown cells lack a photo- 
chemical reaction center and the tetraheme cyto- 
chrome c554 that closely binds to this core 
complex (Wynn et al., 1987). Also, a blue copper 
protein, auracyanin, is not present under the aer- 
obic conditions (Trost et al., 1988). Two types of 
terminal oxidase for aerobic respiration have 
been reported, cytochrome aui, (Pierson, 1985a; 
Zannoni, 1986) and cytochrome a (Wynn et al., 
1987; Knaff et al., 1988). Cytochrome aa^, gener- 
ally operates in cells grown at less than saturated 
oxygen level, and cytochrome a is present at 
higher oxygen levels (Zannoni, 1995). 

As a membrane-diffusible electron trans- 
porter, menaquinone-10 is usually used in Chlo- 
roflexus species and Oscillochloris trichoides. 
However, Roseiflexus castenholzii uses mainly 
menaquinone -11 under both phototrophic and 
respiratory conditions (Hanada et al., 2002b). 

Thermophily 

The thermophilic aspects of the physiology of 
Chloroflexus aurantiacus have been studied in 
several systems. The photochemical reaction cen- 
ter of Chloroflexus aurantiacus also exhibits 
thermal stability (Pierson and Thornber, 1983; 
Nozawa and Madigan, 1991). The reconstituted 
membranes containing the isolated reaction cen- 
ters can develop a proton motive force in the 
presence of light under anaerobic conditions 
(Speelmans et al., 1993). 

Activities of some soluble enzymes, such as 
dehydrogenases of amino or organic acids 
and ATP sulfurylase, determined as a function 
of temperature, were found to be maximal 
between 45 and 70°C (Krasil’nikova et al., 1986; 
Krasil’nikova, 1987a; Laakmann-Ditges and 
Klemme, 1988). The functioning of membrane- 
bound proteins at elevated temperatures, 
however, depends on the properties of the 
membrane as well as on the temperature charac- 
teristics of the proteins themselves. Oelze and 
Fuller (1983) determined the temperature 
characteristics of growth and the membrane- 
bound enzyme activities of NADH oxidase, 
succinate 2 , 6 -dichlorophenol-indophenol reduc- 
tase, ATPase, and light-induced proton extru- 
sion. Enzymatic activities were maximal at 
65-70°C, and a major lipid phase transition 
occurred near 40°C when cells were grown at 
50°C. Membrane phenomena were significantly 
altered at temperatures above 60°C, which may 
reflect the denaturation of bulk membrane 
proteins (Oelze and Fuller, 1983). Although 
individual enzyme activities were high in this 
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temperature range, proton extrusion was not 
thermostable above 60°C and growth rates did 
not increase in this range. 

Tvermyr et al. (1998) succeeded in cloning of 
a DNA polymerase I gene in Chloroflexus auran- 
tiacus and in expressing the recombinant protein 
in Escherichia coli. The recombinant Chlorof- 
lexus protein showed an efficient, heat-stable 
proofreading and polymerase activity at 70°C. 
The proofreading, i.e., 3-5 exonuclease activity, 
found in Chloroflexus polymerase is lost in some 
thermophilic DNA polymerases such as Taq 
polymerase (from Thermus aquaticus), Bst poly- 
merase (from Bacillus stearothermophilus), and 
Streptococcus pneumoniae DNA polymerase I. 

Genetics 

While knowledge about the genetics of Chlorof- 
lexus species and other FAPs is limited, some 
gene sequences and their organization for vari- 
ous proteins, mainly relating to photosynthesis, 
have been investigated in Chloroflexus aurantia- 
cus (see the section “Physiology” in this Chap- 
ter). Fundamental information about the genetic 
analysis of Chloroflexus aurantiacus was re- 
viewed by Shiozawa (1995). 

In Chloroflexus aurantiacus, chemical or UV 
mutagenesis appears to be one of several useful 
methods for obtaining mutants deficient in the 
production of bacteriochlorophylls or lacking 
carotenoids (Pierson et al., 1984b). Mutagenesis 
is helpful for the genetic analysis of pigment syn- 
thesis. Furthermore, using a similar technique, it 
would be possible to obtain mutants deficient in 
or lacking activities of enzymes other than those 
for the synthesis of photopigments. Susceptibility 
to antibiotics is also important for the screening 
of recombinants. The type strain of Chloroflexus 
aurantiacus is sensitive to penicillin and ampicil- 
lin but is resistent to carbenicillin up to 100 pg/ 
ml (Pierson et al., 1984b). 

The genome project on Chloroflexus aurantia- 
cus is now progressing at the Joint Genome Insti- 
tute operated by the University of California for 
the United States Department of Energy. Up to 
the present (May 2002), 3 million nucleotides 
have been determined, and more than 3000 can- 
didate protein-encoding genes have been found 
in the determined sequence. The draft sequence 
data can be obtained at the web page (http:// 
www.jgi.doe.gov/JGI_microbial/html/). In the 
near future, whole genome data will enable com- 
parisons between Chloroflexus aurantiacus and 
other photosynthetic bacteria, and the findings 
obtained from this comparison will provide a 
number of keys to resolving the phylogenetically 
enigmatic nature of this organism as well as the 
complex evolutionary puzzle of photosynthesis. 
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Medium Lists 

Medium D, DG, DGN, and ND 

Double-distilled water 
NTA (sodium nitrilotriacetate) 

Micronutrient solution (see below) 

FeCh solution (0.29 g/liter) 

CaS04 • 2H2O 
MgS04 • 7 H 2 O 
NaCl 
KNO3 
NaNOs 

Na2HP04 

Micronutrient Solution 

Double-distilled water 1 liter 

H2SO4 (concentrated) 0.5 ml 

MnS04 • H2O 2.28 g 

ZnS04 • 7H2O 0.50 g 

H3BO3 0.50 g 

CUSO4 • 5H2O 0.025 g 

Na2Mo04 • 2H2O 0.025 g 

C0CI2 • 6H2O 0.045 g 

Medium DG is medium D to which 0.8 g of glycylglycine 
per liter has been added as buffer. The pH is adjusted to 
8.2 before autoclaving. Medium DGN is medium D to 
which 0.8 g of glycylglycine and 0.2 g of NH4CI have been 
added per liter. Medium ND (lacks combined N except 
as NTA) is medium D without KNO3 and NaN03, but 
with 0.07 g of Na2HP04 and 0.036 g of KH2PO4 per liter. 

Medium PE 

Basal salts solution (see below) 

Phosphate solution 
Vitamin solution 
(NH4)2S04 

Sodium glutamate 
Sodium succinate 
Sodium acetate 
Yeast extract 
Casamino acids 
Sodium thiosulfate 

Dilute with distilled water up to 
12 - 1 . 5 . 



Basal Salts Solution 



Na3EDTA 


4.12 g 


FeS04 ' 7 H 2 O 


1.11 g 


MgS04 • 7 H 2 O 


24.65 g 


CaCb • 2H2O 


2.94 g 


NaCl 


23.4 g 


Trace elements solution 


10 ml 


Dilute with distilled water 


up to 1 liter. 


Phosphate Solution 




KH2PO4 75 g 




K2HPO4 78 g 




Dilute with distilled water 


up to 1 liter. 



1 liter 

0.1 g 

0.5 ml 
1.0 ml 

0.06 g 
0.10 g 
0.008 g 
0.10 g 

0.70 g 

0.11 g 



5 ml 
5 ml 
1 ml 
0.5 g 

0.5 g 
0.5 g 
0.5 g 
0.5 g 
0.5 g 
0.5 g 

1 liter and adjust pH to 
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Vitamin Solution 



Nicotinic acid 


0.1 g 


Thiamine 


0.1 g 


Biotin 


0.005 g 


p -Amino-benzoic acid 


0.05 g 


Vitamin B 12 


0.001 g 


Calcium panthothenate 


0.05 g 


Pyridoxine HCl 


0.05 g 


Folic acid 


0.05 g 


NasEDTA 


0.02 g 


Dilute with distilled water 


up to 100 ml. 



Trace Elements Solution 



MnS04 • 4 H 2 O 


5.58 g 


ZnS04 • 7 H 2 O 


1.44 g 


Co(N03)2 • 6 H 2 O 


1.46 g 


CUSO 4 • 5 H 2 O 


1.26 g 


Na2Mo04 • 2 H 2 O 


1.21 g 


H 3 BO 3 


1.55 g 


Na 3 EDTA 


20.6 g 


Dilute with distilled water to 500 ml. 



Medium IM Solution A 

CaCl2 • 2 H 2 O 0.32 g 

MgS04 • 7 H 2 O 0.40 g 

KCl 0.5 g 

NaCl 1.0 g 

(NH4)2S04 0.5 g 

KH 2 PO 4 0.3 g 

FeCls 0.292 mg 

Micronutrient solution SL7 10 ml 
Vitamin B 12 0.005 mg 



Dilute with distilled water up to 1 liter and adjust pH to 
7.6. Solution A and B are separately prepared and stored. 
Solution B contains 0.05 M NaHCOs (in water). It is 
sterilized by autoclaving, followed by bubbling vigorously 
with CO 2 for 1 h. A total of 250 ml of solution A is added 
to 650 ml of distilled water. After autoclaving and cooling, 
100 ml of solution B is added. 

Medium IMC is medium IM to which 0.25 g of glucose, 
0.25 g of vitamin-free casamino acids and 0.5 ml of vita- 
min solution (see below) have been added per liter. 



Vitamin Solution 

Nicotinic acid 2 mg 

Thiamine hydrochloride 1 mg 

p -Amino-benzoic acid 0.2 mg 

Biotin 0.02 mg 



Dilute with distilled water up to 1 ml. 
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Introduction 

Thermoleophilum, a genus of eubacteria obligate 
for aerobiosis and thermophily, is distinguished 
by the ability to grow solely on /r-alkane sub- 
strates ranging in length from to C 20 (Merkel 
et al., 1978a; Merkel et al, 1978b; Zarilla and 
Perry, 1984; Zarilla and Perry, 1986). Mud sam- 
ples obtained from hot springs and from environ- 
mental niches generally considered nonthermal 
have both yielded isolates of Thermoleophilum. 
Thermal elution profiles of DNA duplexes delin- 
eate two species within the genus, T album and 
T minutum (Zarilla and Perry, 1984; Zarilla and 
Perry, 1986). The sequence of 16S rRNA from T 
album strain NM indicated that these bacteria 
are unique phylogenetically (C. Woese, personal 
communication). Further study (Brown and 
Haas, 1997) placed this genus in a grouping with 
the green nonsulfur bacteria (Fig. 1). Then the 
gene sequence that encodes RNase P RNA was 
cloned and RNA transcribed from this clone was 
catalytically active in vitro when reconstituted 
with a specific oligonucleotide that regenerated 
the secondary structure. A phylogenetic tree 
based on the sequencing of the cloned RNase P 
RNA is consistent with the tree based on small 
subunit rRNA. The RNase P in T album is of 
type A, the common ancestral form. Organisms 
in the green nonsulfur group are progeny of 
a deep divergence in the eubacterial line of 
descent. Isolation of strains from environments 
separated by considerable geographic distance 
indicates that Thermoleophilum strains may be 
of fairly common occurrence. Efforts to isolate a 
mesophilic counterpart of Thermoleophilum that 
would also be restricted to growth on /r-alkane 
substrates have been unsuccessful. 

Thermoleophilum species are Gram-negative, 
slow growing, small, nonmotile bacteria. They 
cannot utilize sugars, amino acids, fatty acids, or 
any substrate tested (except the /r-alkanes) as 
source of carbon or energy. During active growth 
on /r-heptadecane, the organism can incorporate 
a limited amount of acetate into cell material 
(less than 10% of total cell carbon). Members 
of this genus have a unique tetrahydrogenated 



menaquinone that has not been observed in the 
respiratory pigments of bacteria of any other 
species. The catalase from Thermoleophilum is a 
manganese-containing enzyme relatively resis- 
tant to cyanide inhibition. 

Habitat 

Thermoleophilum strains have been isolated 
from mud samples obtained from both thermal 
and nonthermal environments. The thermal 
environments included the outlet stream of hot 
springs in the states of Wyoming, Arkansas, and 
New Mexico (Table l).The nonthermal environ- 
ments were mud samples from Roanoke Rapids, 
NC, and Beaufort, NC. All mud samples were 
taken from aquatic environments and the tem- 
perature of sampling sites in Yellowstone, WY, 
and Hot Springs, AR, were near the optimum for 
growth of the strains isolated (YS-3, YS-4, and 
HS-5) (Merkel et al., 1978b; Zarilla and Perry, 
1984). The nonthermal environmental samples 
were obtained from dark mud that was regularly 
exposed to the sun (strains PTA-1 and RR-D). 
Solar heating can raise the temperature of such 
dark surfaces to 60°C or higher (Brock, 1970). 
Growth of these obligate thermophiles in non- 
thermal environments would probably occur 
sporadically when the transient temperatures 
rose to a suitable level. 

Attempts to isolate a mesophilic organism 
restricted to growth solely on /r-alkane substrates 
have been unsuccessful. The presence of fast- 
growing, /r-alkane-utilizing organisms in most 
environments of moderate temperature might 
well preclude the isolation of organisms with 
growth characteristics equivalent to Thermoleo- 
philum species. 

Isolation and Enrichment 

The primary enrichment medium for the isola- 
tion of Thermoleophilum species was prepared 
by adding /r-heptadecane at 0.1% (v/v) to a 
mineral (L [liquid] -salts) basal medium modified 
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Fig. 1. The phylogenetic position of 
the genus Thermoleophilum based on 
16S rRNA sequence analysis. Note 
the genus resides in the “green- 
nonsulfur-bacteria” branch of the 
Eubacteria (indicated by boldface). 
The tree was constructed based on 
maximum likelihood analysis. 



Table 1. Locations where Thermophilum strains have been 
isolated. 



Strain 


Source of inoculum 


Temperature 


T. album 


HS-5 


Hot Spring, AR 


61°C 


NM 


Faywood Hot Springs, NM 


>50°C"" 


YS-3 


Yellowstone National 
Park, WY 


60°C 


RR-D 


Roanoke Rapids, NC 


Ambient 


T. minutum 


YS-4 


Yellowstone National 
Park,WY 


63°C 


PTA-1 


Beaufort, NC 


Ambient 



""Close to the water source and above 50°C. 
Adapted from Zarilla and Perry, 1984. 



from that of Leadbetter and Foster (1958). The 
recipe for this medium is given below. Nitrogen 
was provided in the modified medium by adding 
1 g/liter of each of NH4CI and NaNOa (Zarilla 
and Perry, 1984). Mud samples employed as 
inocula were obtained from both thermal and 
nonthermal environments (Table 1). Incubation 
was at 60°C in stationary culture until turbidity 
was apparent. After repeated transfer in the 
liquid medium, a pure culture was obtained by 
streaking on plates of 3.0% agar containing the 
modified L-salts medium. The /r-heptadecane 
substrate was introduced by inverting the inocu- 
lated plate and placing 0.2-ml /r-heptadecane in 
the cover (Perry, 1985). The plates were placed 
in plastic bags (to prevent desiccation) and incu- 
bated at 60°C for days. The colonies were small 
white, dry and flat. Axenic cultures were difficult 
to obtain as the organisms grow poorly on agar 
surfaces. 

Mineral-Salts Medium (Modified L-Salts) for 
Thermoleophilum Species 

NH4CI 11.0 g 

NaNOs 1.0 g 

MgS 04 • 7 H 2 O 200 mg 
Na 2 HP 04 210 mg 

NaH 2 P 04 90 mg 



CaCfi 


15 mg 


KCl 


140 mg 


FeS04 ' 7 H 2 O 


1 mg 


CUSO 4 ' 5 H 2 O 


5 mg 


H 3 BO 3 


10 mg 


MnS04 • 5 H 2 O 


10 mg 


ZnS04 • 7 H 2 O 


70 mg 


M 0 O 3 


10 mg 



Distilled water 1 liter 



Cultivation 

Growth of the isolates occurred between 45 
and 70°C (optimally at 58-62°C) and at a pH 
between 6.5 and 7.5 (Table 2). The generation 
time was difficult to determine accurately but 
exceeded 6 h in every case. Strains are all 
strict aerobes but do not respond favorably to 
increased oxygen availability. Under optimal 
conditions of temperature (6()°C), pH (7.0), and 
substrate (/r-heptadecane), the cell yield was 0.1- 
0.3 g/liter (Zarilla and Perry, 1984; Zarilla and 
Perry, 1986). 

Substrate Utilization Patterns 

None of the Thermoleophilum strains grew in 
the presence of any substrate tested other than 
/r-alkanes (C13-C20). No growth occurred on 
shorter or longer chains of /r-alkanes, nor on 1- 
alkenes or alcohols of a chain length C13-C20. 
Homologous ketones and branched alkanes 
(C13-C17) were not utilized. The following 
substrates did not support growth: arabinose, 
cellobiose, fructose, galactose, glucose, lactose, 
maltose, mannose, melibiose, rhamnose, ribose, 
sorbose, sucrose, trehalose, xylose, glycerol, 
mannitol, sorbitol, acetate, propionate, butyrate, 
citrate, pyruvate, succinate, acetone, nutrient 
broth, peptone, yeast extract, or tryptone plus 
yeast extract. All of the strains utilized ammo- 
nium chloride as a nitrogen source. Strains HS- 
5, NM and RR-D also could utilize sodium 
nitrate as sole nitrogen source. Two strains. 



CHAPTER 10.2 



The Genus Thermoleophilum 845 



Table 2. Properties of T. album and T. minutum. 



Strain 


Cell length (pm) 


Generation time (h) 


n- Alkane substrate range 


GC content (mol%) 


T. album 


HS-5 


0.9 


6.5 


C13-C20 


70.4 


NM 


1.0 


9 


C14-C20 


68.8 


YS-3 


0.7 


6 


C13-C20 


69 


RR-D 


1.0 


7.5 


C14-C20 


70 


T. minutum 


YS-4 


1.5 


6 


C13-C20 


70 


PTA-1 


1.1 


7.5 


C 14 -C 19 


68.8 



HS-5 and NM, could derive their nitrogen from 
glycine but growth was poor, and none of the 
carbon of the glycine was incorporated. Neither 
alanine nor glutamate could serve as source of 
nitrogen. Addition of growth factors, e.g., B- 
vitamins or amino acids, to the growth medium 
did not alter the growth rate or total growth. 
Mineral salts medium similar in composition to 
the hot springs water of the original sampling site 
in Yellowstone did not affect growth rate or cell 
yield. 



Identification 

Thermoleophilum species are very small. Gram- 
negative rods (Table 1 and Fig. 2). The organisms 
are nonmotile and have no pigmentation. They 
have been isolated only on /r-alkane enrichment 
substrates (C13-C20) and are readily identified by 
their inability to grow on any other substrate. 
Thermoleophilum strains have a G+C content of 
68.8 to 70.4 mol%. The major diamino acid in the 
cell wall peptidoglycan of the genus Thermoleo- 
philum is diaminopimelic acid. All strains grew 
to confluence on agar surfaces with few individ- 
ual colonies formed. Colonies were small, round, 
and white and generally dry and flaky. They were 
often closely associated with pink-pigmented 
thermophilic strains on original isolation, and 
separating the slow-growing Thermoleophilum 
species was a tedious process. 

The DNA hybridization studies indicated that 
T album and T minutum are of the same genus 
but different species (Zarilla and Perry, 1986; 
Table 3). There was no detectable homology with 
Thermomicrohium roseum, Bacillus thermoleo- 
vorans (Zarilla and Perry, 1987) or Thermus 
aquaticus. Data presented in Fig. 3 confirm that 
there are two species within this genus. 



Physiological Characteristics 

Menaquinones are widely distributed in the 
plasma membranes of prokaryotes and are gen- 
erally distinguished by the length of their isopre- 




RRD 

Fig. 2. Electron micrograph of Thermoleophilum album 
strain RR-D. 



Table 3. Relative binding in reassociation reactions with [a- 
^^Pjdeoxycytidine triphosphate-labeled DNA from T. album 
(HS-5) and T. minutum (YS-4). 

Relative binding (%) with the following 
source of radiolabeled DNA"* 





T. album HS-5 


T. minutum YS-4 


Strain 


62°C 


76°C 


62°C 


76°C 


T. album 


HS-5 


lOO^’ 


100 


44 


27 


YS-3 


81 


76 


42 


27 


NM 


101 


94 


42 


28 


RR-D 


86 


79 


39 


28 


T. minutum 


YS-4 


43 


25 


100 


100 


PTA-1 


44 


25 


99 


99 



"" Average of duplicate determinations. 

‘’Temperature at which reassociation occurred. 62°C is the 
optimal temperature; 70°C is the stringent temperature. 
Adapted from Zarilla and Perry, 1986. 
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0.4M PB 

Temperature (°C) 

Fig. 3. Thermal elution profiles of Thermoleophilum DNA 
duplexes reassociated at 62°C. One strand of each DNA 
was made up of [a-^^P]deoxycytidine triphosphate (dCTP)- 
labeled DNA from either Thermoleophilum album strain 
HS-5T (A) or Thermoleophilum minutum strain YS-4T (B). 
The other strand was made up of DNA from strain HS-5T 
(□), YS-3 (A), YS-4T (O), NM (A), RR-D (■), or PTA-1 
(•). The homologous duplex is indicated by a thick line. The 
thermal stability values are indicated by a vertical line on 
each curve and represent the temperature at which 50% of 
the double-stranded DNA was eluted from the hydroxyapa- 
tite. The DNA was eluted with 0.14 M phosphate buffer (PB) 
containing 0.1% sodium dodecyl sulfate until the maximum 
temperature was attained, at which point any remaining- 
bound DNA was eluted by using 0.4 M phosphate buffer. 
Adapted from Zarilla and Perry (1986). 



nyl side chain. The number of isoprenoid units 
varies from 1 to 15, and species also differ in the 
number of these isoprenoids that are saturated/ 
unsaturated (Collins and Jones, 1981). Generally 
Gram-negative eubacterial menaquinones are 
composed of unsaturated isoprenoid units but 
a few Gram-negative bacterial species have 
dihydrogenated menaquinones. Examination 
of the respiratory quinones of T. album strain 
NM led to the isolation of a novel tetrahy- 
drogenated menaquinone, 2 methyl-3-VI,VII- 
tetrahydrohepta-prenyl-1, 4-naphthoquinone, as 
depicted in Fig. 4 (Collins et al., 1986). The pres- 



O 




O L I ^5 

Fig. 4. 



ence of this naphthoquinone in T. album readily 
distinguishes the genus from other Gram- 
negative, aerobic, obligately thermophilic 
groups. The genus Thermus and Thermomicro- 
bium roseum contain saturated menaquinone as 
their major respiratory quinone. 

Superoxide dismutase (SOD) is induced in 
aerobic bacteria by high oxygen stress. This 
enzyme, together with catalase and peroxidase, 
removes toxic oxygen intermediates generated 
as byproducts in the univalent reduction of 
molecular oxygen. These highly reactive inter- 
mediates of oxygen reduction are predominantly 
superoxide anion, hydrogen peroxide, and the 
hydroxyl radical. Growth of aerobic organisms 
at higher oxygen tensions or in the presence 
of methyl viologen (a superoxide generator) 
will effectively induce SOD (DiGuiseppi and 
Fridovich, 1984). Studies suggest that thermo- 
philic bacteria generally react unfavorably to 
increased oxygen tension (Allgood and Perry, 
1985b). As a consequence of this observation, an 
examination was made of the effect of oxygen 
stress on the level of SOD, catalase and peroxi- 
dase in T. album NM. Growth of strain NM in 
the presence of methyl viologen did not affect 
the level of cellular SOD but caused a marked 
increase in catalase activity. Peroxidase activity 
increased a small amount. Increasing the oxygen 
level also led to higher levels of catalase with a 
decrease in total growth (Allgood and Perry, 
1985a; Allgood and Perry, 1985b; Allgood and 
Perry, 1986b). The level of oxygen defense 
enzymes is comparable with that in other aerobic 
bacteria. The products of O 2 reduction do not 
seem to be responsible for the negative response 
to increased aeration. 

The catalase from T. album NM has been 
isolated, purified (>96%), and characterized 
(Allgood and Perry, 1986a). The major proper- 
ties of the enzyme are presented in Table 4. For 
comparison the properties of the equivalent 
enzyme from Escherichia coli, Rhodopseudomo- 
nas sphaeroides and Lactobacillus plantarum are 
included. The catalase from T. album is thermo- 
active and thermostable. It has a low Mr, and 
the metal present is manganese. This is the 
only report (Allgood and Perry, 1986a) of a 
manganese-containing catalase in an aerobic 
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Table 4. Comparison of the properties of the catalase from T. album with that from other bacterial species. 



Organism 


Metal present 


M, 


Number of subunits 


Thermoleophilum album 


Mn 


141,000 


4 


Escherichia coli 


Fe 


337,000 


4 


Rhodopseudomonas sphaeroides 


Fe 


232,000 


4 


Lactobacillus plantarum 


Mn 


172,000 


6 



organism. The significance of such a catalase in 
this ancient thermophile is not understood at this 
time. 

The electrophoretic mobilities of several 
enzymes in crude cell-free extracts from T. album 
strains were markedly different from the equiv- 
alent enzyme from other thermophiles (Zarilla 
and Perry, 1986). Among these enzymes of 
differing mobility were malate dehydrogenase, 
catalase, esterase and SOD. Electrophoresis of 
purified catalase and malate dehydrogenase 
from T. album NM resulted in an equivalent 
pattern. 

Two enzymes from Thermoleophilum sp. were 
purified and characterized. These were the 
NADP-dependent isocitrate dehydrogenase 
(IDH) from T. minutum YS-4 (Novotny and 
Perry, 1991) and the malate dehydrogenase 
(MDH) from T. album NM (Novotny and Perry, 
1990). Purification was by affinity chromatogra- 
phy and electroelution from a nondenaturing 
polyacrylamide gel. Both enzymes were thermo- 
stable and under nondenaturing conditions had 
distinctly different electrophoretic mobilities 
than the equivalent enzyme from other genera 
tested, including other thermophiles. The IDH 
had an Mr of 60,000 and was composed of two 
identical subunits. The optimum pH for activity 
was 7.2, at a temperature of 75°C. The enzyme 
required Mn^^ or Mg^^ for activity and NAD 
could not substitute for NADP. The amino acid 
composition of the IDH had an Arg/Lys ratio of 
4.1 and very high levels of glycine. The purified 
MDH had an Mr of 61,000 and consisted of two 
subunits, each with an Mr of 32,500. Optimal 
activity occurred at 60°C and a pH of 7.5. The T 
album MDH differed in amounts of arginine, 
lysine, glycine, proline, and histidine from the 
MDHs of other thermophilic and mesophilic 
microorganisms. 

Other enzymes have been partially purified 
from T. album including a novel NADH- 
ferricyanide oxidoreductase (Vrana et al., 1999) 
and an alcohol dehydrogenase (Cacek et al., 
1995). The NADH reductase catalyzes the trans- 
fer of electrons to mammalian cytochrome c. 

The T. minutum YS-4 extracts contained all of 
the enzymes involved with the tricarboxylic acid 
cycle except a-ketoglutarate dehydrogenase 
(J. G. McCarthy and J. J. Perry, unpublished 
observation). Exhaustive attempts to demon- 



strate this enzyme in any of the Thermoleophi- 
lum strains have been unsuccessful. An active 
isocitrate lyase was present in extracts of Ther- 
moleophilum, suggesting that an active glyoxy- 
late cycle is present. All strains had NADH and 
NADPH oxidase activity. The T album NM 
extracts had the large-sized citrate synthase typ- 
ical of Gram-negative bacteria (Weaver et al., 
1987). Addition of ^"^C-acetate to nonproliferat- 
ing cells of T album NM resulted in little incor- 
poration of radiolabel. Addition of radiolabeled 
acetate to a culture during active growth on n- 
heptadecane did result in some incorporation of 
acetate, but at a level of less than 10% of the 
total cell carbon. Increasing the level of acetate 
from 0.1 mM to 50 mM did not lead to any 
increase in incorporation (Weaver et al., 1987). 
The inability of the organism to incorporate 
more added acetate and the absence of a- 
ketoglutarate dehydrogenase are reminiscent of 
these activities in the obligate autotrophs. Possi- 
bly, the genus Thermoleophilum cannot obtain 
energy from substrates other than the /r-alkanes 
normally utilized. 

Polyamines are a constituent of the hyperther- 
mophilic and the moderate thermophilic bacteria 
and the thermophilic Archaea (Hamana et al., 
1998). The cellular polyamines present in Ther- 
moleophilum sp. have been characterized 
(Hamana et al., 1990; Allgood and Perry, 1992; 
Allgood and Perry, 1998). Two strains of T 
album (HS-5 and YS-3) and two of T minutum 
(YS-4 and PTA-1) were examined and all four 
strains had an equivalent pattern of polyamines. 
The major poly amine in this genus was N"^-bis 
(aminopropyl) spermidine. The distribution 
pattern of polyamines in Thermoleophilum was 
unique when compared with other thermophiles. 
The role of these compounds in thermophilic 
microorganisms is not known at the present time. 
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Introduction 

Thermomicrobium roseum (ATCC 27502), the 
sole representative of a phylogenetically distinct 
branch of the eubacteria, is an obligate thermo- 
phile originally isolated from the effluent of a 
hot spring in Yellowstone National Park, WY 
(Jackson et al, 1973). The grouping of T. roseum 
with the green nonsulfur (GNS) bacteria is based 
on ribosomal RNA sequence comparisons 
(Oyaizu et al., 1987). The sequence of 5S rRNA 
from T. roseum (Van den Eynde et al., 1990) 
affirms that it should be clustered with Chlorof- 
lexus. Herpetosiphon and Chloroflexus , the other 
representatives in this branch, are markedly dif- 
ferent phenotypically from T roseum (for a 
review see Kristjansson and Alfredsson, 1992). 
Although the GNS bacteria share some common 
ribosomal characters, they are the progeny of a 
deep phylogenetic divergence (Gibson et al., 
1985); Herpetosiphon is a mesophile and more 
rapidly evolving than either Chloroflexus or 
Thermomicrobium. The deepest branching in 
eubacterial evolution is predominantly repre- 
sented by thermophiles (see Fig. 1, Thermoleo- 
philum chapter) and these organisms evolved 
more slowly than the mesophiles. They have con- 
sequently retained more of their ancestral char- 
acter (Achenbach-Richter et al., 1987). Recent 
results (Haas and Brown, 1998) indicate that 
most of the unusual structural elements of type 
B RNase P RNAs found in low G+C Gram-pos- 
itive bacteria evolved independently (apparently 
by convergent molecular means) in T roseum. 
Tlie gene for heat shock protein (HSP70) present 
in T. roseum was cloned and the protein gener- 
ated from this was sequenced. The results of 
sequencing affirm the relatedness of T. roseum to 
other GNS bacteria (Gribaldo et al., 1999; Gupta 
et al., 1997). 

Isolation and Enrichment 

The primary enrichment medium for T. roseum 
was composed of 0.1% tryptone and 0.1% yeast 
extract (TYE) in Allen’s salts (see recipe below; 



Allen, 1959). Enrichment media were inoculated 
with samples of bacterial mat or water from var- 
ious springs in Yellowstone National Park and 
were incubated at 70, 75, 80 and 85°C. After a 
suitable time, the enrichments were streaked 
on plates of TYE agar (3.0%) containing 
Castenholz’s salts solution (Jackson et al., 1973; 
Castenholz, 1969). The enrichment culture of 
bacterial mat taken from Toadstool Spring in 
Yellowstone and incubated at 70°C was the only 
one that yielded unusual colonies. These com- 
pact pink colonies were distinctly different from 
colonies of other isolates, which appeared to be 
mostly of the genus Thermus. Transfer by streak- 
ing on the TYE agar medium at pH 8.5 with as 
much as 0.5% tryptone and yeast extract led to 
a pure culture of T. roseum (Jackson et al., 1973). 



Allen’s Salts Solution (mg/liter) 



(NH4)2S04 


1,300 


KH 2 PO 4 


280 


MgS 04 • 7 H 2 O 


247 


CaCfi • 2 H 2 O 


74 


FeCfi • 6 H 2 O 


19 


MnCl2 • 4 H 2 O 


1.8 


Na 2 B 407 • IOH 2 O 


4.4 


ZnS04 • 7 H 2 O 


0.22 


CUCI2 • H2O 


0.05 


Na2Mo04 • 2 H 2 O 


0.03 


VCI 2 


0.03 


Dissolve in deionized distilled water and adjust the pH to 
7.8. 


Castenholz’s Salts Solution (mg/liter) 


Nitrilotriacetic acid 


100 


CaS 04 • 2 H 2 O 


60 


MgS04 ' 7 H 2 O 


100 


NaCl 


9 


KNO 3 


103 


NaN03 


689 


Na2HP04 


111 


FeCfi 


0.28 


MnS04 ' H 2 O 


2.2 


ZnS04 • 7 H 2 O 


0.5 


H 3 BO 3 


0.5 


CUSO 4 


0.016 


Na2Mo04 • 2 H 2 O 


0.025 


C 0 CI 2 • 6 H 2 O 


0.045 


Dissolve in deionized distilled water. 
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Fig. 1. Typical structure of a long chain 1,2 diol. 



Habitat 

Toadstool Spring (no longer active) was located 
in the Lower Geyser Basin of Yellowstone 
National Park. Thermomicrobium roseum was 
isolated from a sample taken near the source of 
the spring, where the water temperature was 
74°C and pH was 8-9. The inoculum was from an 
orange/red bacterial mat attached to a silica sub- 
strate. The mat had accumulated under a piece 
of wax paper debris that may have offered some 
protection from the high light intensity and rap- 
idly moving water. Although Jackson et al. 
(1973) suggested that glass slides immersed in 
the water near the source of the spring had 
exhibited microbial growth that appeared similar 
to T. roseum, microbes have not yet been culti- 
vated from these sources. Biologically active lay- 
ers of a cyanobacterial mat have been analyzed 
for various apolar lipid, glycolipid and phospho- 
lipid content (Zeng et al., 1992). At 1-2 and 2- 
4 mm intervals, long-chain diols were detected 
which were apparently derived from glycolipids 
of microorganisms such as T. roseum. 

A thermophilic organism was isolated from 
soil by enrichment with /r-alkanes as substrate 
and was tentatively assigned to the genus 
Thermomicrobium (Phillips and Perry, 1976). 
Subsequent DNA-DNA hybridization studies 
indicated that this isolate should be placed in an 
entirely different genus (Zarilla and Perry, 1986; 
Zarilla and Perry, 1987). 

Substrate Utilization Patterns 

Complex media are the preferred substrate for 
T. roseum. A maximum cell yield was attained 
with tryptone and yeast extract each added at 
0.5%, with less (0.3%) supporting the most rapid 
growth. Little growth occurred with the sub- 
strates added at 1.0%. Levels higher than 1.0% 
completely inhibited growth. Growth on pep- 
tone, casein hydrolysate, brain heart infusion, 
nutrient broth, trypticase soy broth, and on 
tryptone or yeast extract (substrate at 0.2%) 
required inclusion of NH/ (in Castenholz’s salts 
solution) as nitrogen source. Of these, only nutri- 
ent broth and yeast extract yielded growth with 
NOf (in Allen’s salts solution) as the source of 
nitrogen. Growth on defined medium with 



selected substrates occurred only when 0.2% 
glutamate was added with nitrogen source 
NOa”. Glycerol and sucrose were adequate 
carbon sources under these conditions. Sparse 
growth occurred with glutamate as sole substrate 
(in Allen’s salts solution). Fructose, succinate, 
mannitol, acetate and citrate were inadequate as 
growth substrates (Jackson et al., 1973). The 
organism grew consistently better with Allen’s 
than with Castenholz’s salts solution. Appar- 
ently, some ammonia was lost from the latter at 
this pH and temperature. 

Cultivation 

Growth was optimum at 70-75°C at pH 8.2-8.S 
and was possible at temperatures as low as 45- 
48°C, at pH 7-8.7. Under optimum conditions 
with tryptone and yeast extract (0.3%) as sub- 
strates, the organism had a generation time of 5 
to 5.5 h. 



Identification 

T. roseum cells are generally pleomorphic (with 
some that are dumbbell shaped) and occur as 
short, irregularly shaped (single or paired) rods. 
The organism is 1.3 to 1.8 pm in diameter and 3 
to 6 pm in length. The G+C content of the DNA 
is 64.3 mol%. The colonies on agar are compact 
and pink-pigmented. Although some slight 
motility was observed by light microscopy, no 
flagella were seen by electron microscopy, and 
the organism is considered to be nonmotile 
(Jackson et al., 1973). Endospores are not visible 
in T. roseum by light, phase contrast or electron 
microscopy. The organism is Gram-negative, and 
thin sections viewed longitudinally have a lay- 
ered cell wall consistent with this staining char- 
acter. Electron-dense hexagonal structures were 
visible in thin sections that may have been bac- 
teriophages, but no lytic activity was observed 
(Jackson et al., 1973). 

DNA hybridization reactions were employed 
to determine whether T. roseum DNA reassoci- 
ated with DNA from thermophilic Bacillus 
strains, Thermus aquaticus and Thermoleophi- 
lum album.ThQ results confirmed that T. roseum 
is not related to any of these other organisms 
(Zarilla and Perry, 1986; Zarilla and Perry, 1987). 
Antibiotic sensitivity tests indicate that T. 
roseum is sensitive to kanamycin, neomycin and 
penicillin, but less sensitive to erythromycin and 
Chloromycetin (Jackson et al., 1973). 

The pigments extracted from T. roseum with 
acetone were analyzed spectrophotometrically. 
The absorbance maxima at 470, 494 and 530 nm 
indicate that T. roseum carotenoid pigments are 
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similar to torulene and 3,4-dehydrolycopene. 
Extracted pigment from the bacterial mats that 
served as the enrichment inocula had equivalent 
absorptive properties (Jackson et al, 1973). 

Physiological Properties 

Membrane Lipid Composition 

Virtually all eubacterial and eukaryotic cells 
have membrane lipids composed of fatty acids 
esterified to glycerophosphate. The membranes 
of archaebacteria differ markedly in that the 
lipids of these organisms are composed of iso- 
prenoid chains joined to glycerol by an ether 
linkage. The membrane lipids of T. roseum have 
neither ester nor ether linkages, but are com- 
posed of a series of straight-chain and internally 
branched 1,2-diols. A typical 1,2-diol is shown in 
Fig. l.The carbon length of the diols ranges from 
Ci8 to C23 (Pond et al., 1986). Similar long-chain 
1,2 diols have been characterized from strains of 
the genus Thermus (Wait et al., 1997). These 
thermophiles also contained both glycerol- 
linked and diol-linked glycolipids. 

The cellular lipids in T. roseum account for 
about 3% of the dry weight of the cell, and, of 
this, 22.6% is nonpolar neutral lipid and 77.1% 
is polar glycolipids or phospholipids. Polar lipids 
were hydrolyzed to remove the polar head 
groups, and the apolar residues were analyzed 
(Pond et al., 1986). The distribution of the 1,2- 
diols present in the lipid of T. roseum are listed 
in Table 1. These structures are analogous to the 
glycero-lipids in that the terminal hydroxyl can 
link to the polar-head group, and long-chain fatty 
acids can be esterified to the secondary hydroxyl. 
This process provides the hydrophobic chains 
necessary for a lipid bilayer (Pond et al., 1986). 

Analysis of the fatty acid constituents of these 
unusual lipids indicated that they too had normal 
and internally methylated hydrocarbon chains 



Table 1. Distribution of 1,2-diols in the lipids of Thermo- 
microbum roseum after growth at 75°C. 



Compound Percent of total 

ll-Methyl-l,2-heptadecanediol <0.5 

1.2- Nonadecanediol 10.6 

13-Methyl-l ,2-nonadecanediol 21.1 

1.2- Cosanediol 6.1 

13-Methyl-l, 2-cosanediol 2.5 

15-Methyl-l,2-cosanediol 0.9 

1.2- Eicosanediol 48.5 

15-Methyl-l,2-eicosanediol 7.8 

1.2- Docosanediol 1.0 

1.2- Tricosanediol 1.1 

1.2- Tetracosanediol <0.5 



(Pond and Langworthy, 1987). The distribution 
of fatty acids in T. roseum grown at 70°C is pre- 
sented in Table 2. Methyl-branched-chain fatty 
acids are also common constituents of eubacte- 
rial lipids but generally they are iso- or anteiso- 
methylated fatty acids. 

The effect of temperature on the relative 
amounts of normal to branched-chain fatty acids 
and diols was determined (Pond and Langwor- 
thy, 1987) and the results are presented in Table 
3. As the growth temperature was increased, the 
relative percentage of unbranched fatty acids 
and diols increased, while the relative amount of 
the methyl-branched constituents decreased 
(Pond and Langworthy, 1987). The longer chain, 
normal fatty acids have a higher melting point 
than the branched homologs, so increased 
branching as the temperature is lowered may be 
a mechanism whereby membrane fluidity is 
retained at lower temperatures. 

Polyamines have been detected as constituents 
of T. roseum (Hamana et al., 1990). These 
unusual polyamines are penta- and hexamines 
and their function is not yet known. 

Cell Wall Structure 

Electron microscopy of negatively stained outer 
cell wall preparations from T. roseum indicated 

Table 2. Distribution of fatty acids in Thermomicrobium 
roseum after growth at 70° C. 



Compound Percent of total 



n-Hexadecanoic acid 


1.2 


10-Methyl-pentadecanoic acid 


1.5 


n-Heptadecanoic acid 


0.5 


10-Methyl-hexadecanoic acid 


0.7 


n-Octadecanoic acid 


24.2 


12-Methyl-heptadecanoic acid 


57.3 


n-Nonadecanoic acid 


2.6 


12-Methyl-octadecanoic acid 


1.9 


n-Cosanoic acid 


8.4 


14-Methyl-nonadecanoic acid 


1.2 


Adapted from Pond and Langworthy (1987). 



Table 3. Effect of temperature on the percentage of normal 
and branched-chain fatty acids and diols in Thermomicro- 
bium roseum. 


Growth temperature 


Percent 


Percent 


(°C) 


normal 


branched 


Fatty Acids 






60 


24.1 


75.6 


75 


46.3 


52.4 


Diols 






60 


62.2 


37.1 


75 


87.3 


12.5 



Adapted from Pond etal (1986). 



Adapted from Pond and Langworthy (1987). 
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Table 4. Amino acid composition of the two fractions of the 
cell wall of Thermomicrobium roseum. 



Component 


Fraction A (%) 


Fraction B (%) 


Threonine 


8.1 


3.6 


Serine 


6.2 


4.0 


Proline 


8.1 


14.0 


Muramic acid 


3.1 


0 


Glutamic acid 


12.8 


11.9 


Glycine 


19.3 


33.8 


Alanine 


16.8 


11.5 


Valine 


4.0 


1.8 


Diaminopimelic acid 


1.2 


0 


Leucine 


6.2 


3.2 


Isoleucine 


0 


1.8 


Tyrosine 


4.7 


2.2 


Galactosamine 


3.1 


0 


Histidine 


1.2 


3.2 


Arginine 


3.7 


Trace 


Lysine 


0 


Trace 


Ornithine 


0 


7.2 


Phenylalanine 


0 


1.8 



^Expressed as % of the total amino acid/sugar present. 
From Merkel et al., 1978. 



that there were regular, repeating structures 
present in the cell envelope. These structures 
appear in a consistent mosaic pattern (Ramaley 
et al, 1978). Analysis of purified cell walls from 
T. roseum suggested that the organism, although 
sensitive to penicillin (Jackson et al., 1973), has 
low levels of peptidoglycan (Merkel et al., 1978; 
Merkel et al., 1980). Cell walls were removed 
from T. roseum and purified. This purified cell 
wall material was readily separated into two frac- 
tions (A and B), which were analyzed for amino 
acid composition (Table 4). Fraction A was com- 
posed of an array of amino acids with alanine, 
glutamic acid and glycine predominating; lesser 
amounts of diaminopimelic acid, galactosamine 
and muramic acid were detected. 

Fraction B was a cell wall protein (Mj- of 
75,000) that accounted for 60% of the total cell 
wall amino-reactive material. The amino acid 
composition of this protein is presented in Table 
4. This protein is probably the principal struc- 
tural component of the cell wall revealed by elec- 
tron microscopy (Ramaley et al., 1978; Merkel 
et al., 1980). How this protein might contribute 
to the thermostability of T. roseum is unknown. 

Metabolism 

Although T. roseum is a strict aerobe, it does not 
respond to increased oxygen levels by more 
rapid growth or higher cell yields. This is a com- 
mon attribute of aerobic thermophiles and 
particularly of those that grow on hydrocarbon 
substrates (Allgood and Perry, 1985a; Allgood 
and Perry, 1985b; Allgood and Perry, 1986). 



Growth of T. roseum under higher oxygen (O 2 ) 
tension did result in increased cellular levels of 
superoxide dismutase (SOD) and catalase. Addi- 
tion of methyl viologen to increase superoxide 
anion generation in cells had little effect on the 
level of SOD but resulted in increased catalase 
activity (Allgood and Perry, 1986). That higher 
O 2 levels do not lead to more rapid growth or 
cell yield is probably due to factors other than 
the accumulation of toxic products of O 2 such as 
superoxide or hydrogen peroxide. Most of the 
respiratory activity in T. roseum is cyanide insen- 
sitive. The respiratory pathways in T. roseum 
have not been elucidated further (Allgood and 
Perry, 1985a; Allgood and Perry, 1985b). 
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The Herpetosiphon species are aerobic, chemo- 
organotrophic, filamentous bacteria that are 
Gram negative but do not have a typical Gram 
negative cell wall. The filaments are very long, 
unbranched, and multicellular, between 0.5 pm 
and 1.5 pm wide and usually 100 pm to more 
than 1200 pm long (Fig. 1). Short transparent 
sections (“sleeves”; Fig. 2) are seen at the ends 
of many filaments. 

Sleeves are also found in related organisms, 
like Chloroflexus. Depending on the strain, the 
medium, and the age of the culture, the filaments 
may fragment into much shorter pieces and ulti- 
mately into single cells. The cells in the filaments 
are tightly attached to one another, and in living 
filaments, their boundaries can only be seen with 
a microscope of high resolution at a high magni- 
fication, by phase or interference contrast (Fig. 
2). They become clearly recognizable if the fila- 
ment has been fixed to the slide and stained. The 
cells have the same width as the filaments and 
measure 1.5-5 pm in length, rarely more. The 
filaments may perform slow gliding movements; 
thus, on suitable substrates, the colonies develop 
into large spreading swarms (Fig. 3). The surface 
of the swarm is usually felt-like. Long flame-like 
projections or protruding strands of curled fila- 
ments are seen at the edge (Fig. 3). Normally the 
colonies are colored in shades of yellow, orange, 
or brick red, but unpigmented strains, especially 
among Herpetosiphon-like strains, do occur 
(Lee, 2004). A film showing the movements of 
the filaments and the development of the colo- 
nies is available (Reichenbach et al., 1980). 

Apparently, Herpetosiphon was first discussed 
in the scientific literature under the name ‘Hlex- 
ibacter giganteus'' (Soriano, 1945; Soriano, 1947). 
Soriano’s isolation techniques, choice of habitats, 
and description of the filaments, the swarm col- 
onies, and their color correspond to those of the 
cultures now called ‘'Herpetosiphon^ However, 
the first valid description of the genus 
Herpetosiphon, with one species, H. aurantiacus 
(ATCC 23779^), was provided by Holt and 
Lewin (1968). The definition was based on three 
isolates of E. E. Jeffers obtained from the slime 



coat of a green alga. Char a sp., from Birch Lake 
in Minnesota. Later, a dispute arose about the 
presence of a sheath in Herpetosiphon, and the 
genus definition was slightly modified to exclude 
a sheath (Reichenbach and Golecki, 1975). Also, 
Reichenbach and Golecki (1975) proposed that 
the species name aurantiacus be abandoned in 
favor of the name giganteus, which antedates 
it. This change could have been done without 
danger of confusion since Soriano’s strain is no 
longer available. However, since more than one 
Herpetosiphon species may exist, one could 
argue that Soriano’s “H. giganteus'' was different 
from aurantiacus. The possible existence of dif- 
ferent species of Herpetosiphon was indicated by 
another study already during this period when a 
specimen was isolated from the walls of a sluice 
of the Neckar River near Heidelberg (Ger- 
many). This specimen showed a strong resem- 
blance with Herpetosiphon aurantiacus but was 
not identified as such because of some minor 
differences in phenotypic characteristics (Brauss 
et al., 1969). TTius, it was decided to give up the 
name giganteus until more had been discovered 
about the taxonomy of the genus. In 1970, four 
new species, one from the vicinity of a hot spring 
{H. geysericola ATCC 23076^) and three from 
marine habitats {Herpetosiphon cohaerens 
ATCC 23123^, Herpetosiphon nigricans ATCC 
23147^ and Herpetosiphon persicus ATCC 
23167^) were added to the genus (Lewin, 1970). 
However, all three marine species have recently 
been transferred to a new genus, Lewinella, in 
the phylum Flexihacter-Bacteroides-Cytophaga 
(Sly et al., 1998). Since 1998, over 30 new Herpe- 
tosiphon and Herpetosiphon-likQ isolates have 
been described from different environmental 
habitats, such as freshwater lake systems (Lake 
Constance, Germany; the strains were previously 
described as a new Vitreoscilla species, V pro- 
teolytica; Graf and Perschmann, 1970; Lee et al. 
(manuscript in preparation)), sewage plants 
(Trick and Lingens, 1984; Senghas and Lingens, 
1985; Bradford et al., 1996; Kohno et al, 2002; 
Lee et al. (manuscript in preparation)), and dif- 
ferent soil systems (Lee et al. (manuscript in 
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Fig. 1. Filaments of Herpetosiphon aurantiacus at low magnifications, a) Filaments with slime tracks in chamber culture, 
b) Filaments from a liquid culture, slide mount, c) Filaments stained with Loeffler’s methylene blue; the individual cells of 
the filament are clearly visible, d) and e) Twisted filaments from a liquid culture. Zeiss Standard Microscope and Axiomat 
(d and e), in phase contrast. Bar = 100 pm (for a and b). Bar = 25 pm (for c, d and e). 



preparation)). The G+C content of the DNA of 
about half of these isolates is 48-53 mol%, and 
the 16S rRNA gene similarity among these iso- 
lates is 96.4-99.5% (Sly et al., 1998; Lee et al. 
(manuscript in preparation)). However, the G+C 
content of the rest of the Herpetosiphon-liko iso- 
lates, e.g., the strains of Senghas and Lingens 
(1985) and the strains Hp g6 (DSM 15710), Hp 
gl6 (DSM 15736) and Hp g207 (DSM 15737), are 
higher (59-75%), which suggests that these iso- 
lates may represent novel genera among chlorof- 
lexi (Lee et al. (manuscript in preparation)). 

A comparison of all present Herpetosiphon 
16S rRNA gene sequences with all other avail- 
able 16S rRNA gene sequences from culturable 
and as yet not cultivatable organisms clearly 
shows a phylogenetic relationship of Herpetosi- 
phon to the third of the four suggested subphyla 
of the phylum Chloroflexi, previously non-green 
sulfur bacteria (Gibson et al., 1985; Woese et al., 
1985; Hugenholtz et al., 1998a; Garrity and Holt, 
2001; Lee et al. (manuscript in preparation)). 
The chloroflexi are well separated from all other 
bacteria and represent one of the main branches 
(a phylum) in the bacterial tree of descent. The 
similarity to other filamentous, gliding bacteria, 
such as Vitreoscilla, Beggiatoa and Leucothrix, 



which belong to the Betaproteobacteria and 
Gammaproteobacteria or the filamentous cyano- 
bacteria, is significantly low (Reichenbach, 
1981a; Reichenbach et al., 1986; Lee et al. 
(manuscript in preparation)). Interestingly, the 
relationship of Herpetosiphon to some chlorof- 
lexi members, e.g., Chloroflexus, is also reflected 
in other genes such as the elongation factor Tu 
or the ATP-synthase beta-subunit genes (Ludwig 
et al., 1993), as well as in the very unusual struc- 
ture and composition of the cell walls of the two 
organisms. Both organisms contain a peptidogly- 
can in which me^o-diaminopimelic acid is 
replaced by L-ornithine and to which a polysac- 
charide is covalently bound. In addition, both 
organisms lack a lipopolysaccharide (Jurgens et 
al., 1987; Jurgens et al., 1989). 

Habitats 

Typical Herpetosiphon strains are regularly 
found in freshwater, soil, and decaying organic 
matter (such as rotting wood, dung of herbivo- 
rous animals, and compost). Herpetosiphon 
appears to be rather common everywhere in aer- 
obic environments, in the neutral pH range and 
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Fig. 2. Filaments of the type strain of Herpetosiphon auran- 
tiacus at high magnifications, a) Filaments from CY agar. 
Note the enormous variability of the filaments’ diameter, 
which is especially pronounced on peptone media. Slight 
constrictions at the filaments’ surface and dark bands in the 
interior indicate cell boundaries, which can be particularly 
clearly recognized in the thick filament in the upper left 
sector; dark dots seen in many cells may be mesosome-like 
membrane bodies, b) The translucent segments seen next to 
the filaments are empty cell-wall cylinders and correspond to 
the sleeves often found at the ends of the filaments; here, as 
in other figures of this table, parallel running filaments 
approach one another very closely, which seems to exclude 
the presence of a sheath of any significance, c) The knots in 
the filaments testify to their incredible flexibility; the filament 
on the left contains a necridium (a dead cell); from VY/2 
agar, d) The filament has a short sleeve at the end and a 
necridium which is almost ready to snap, e) A short filament 
with sleeves at both ends and a necridium. f) In several 
filaments, cross- walls are recognizable; there is a one- and a 
two-celled segment, the latter with a living and a dead cell; 
from CY agar, g) Decaying filament fragmenting into cell- 
wall cylinders, each corresponding to one cell. Because the 
cylinders separate cleanly, there can be no sheath. All micro- 
graphs were taken with Zeiss Axiomat, in phase contrast. 
Bars = 10 pm. 

◄ 



► 

Fig. 3. Various swarm colony types of Herpetosiphon auran- 
tiacus. The colonies of Herpetosiphon are very variable and 
occasionally show striking patterns, a) Swarm with a rhyth- 
mic growth pattern, on VY/2 agar. Bar = 1 mm. b) Swarm 
showing surface growth (right), as well as penetration into 
the agar (light areas). Bar = 1 mm. c) and d) Colonies with 
proboscis-like protuberances; c) survey picture; d) protuber- 
ances at higher magnification. Bar = 1 mm in both c) and d). 
e) Swarm growing from a streak of autoclaved Escherichia 
coli on water agar; the curly pattern is characteristic for this 
kind of culture; the cloudy areas in the lower part indicate 
penetration of the organism into the agar. Bar = 1 mm. f) and 
g) Large swarm on VY/2 agar; the swarm sheet tends to 
contract and peel off the agar surface, producing large holes 
surrounded by ridges; this growth pattern is very character- 
istic for Herpetosiphon. Bar = 1 mm in both f) and g). h) 
Delicately plicated surface of a swarm sheet on VY/2 agar; 
this is a relatively unusual pattern. Bar = 100 pm. i) to 1) 
Knobs; they are sometimes produced in large numbers and 
arranged in patterns (i, 1) that make their resemblance to 
myxobacterial fruiting bodies even more striking; also, their 
size is in the range of fruiting bodies. Bar = 1 mm in i) and 
1), 500 pm in j), and 200 pm in k). m) Microcolony showing 
its composition of long, coiling and interwoven filaments on 
CY agar. Bar = 100 pm. n) Swarm on a streak of autoclaved 
E. coli (center) on water agar spreading in an uncommon 
pattern of broad, tape-like tongues. Bar = 1 mm. o) Edge of 
a swarm growing on a streak of living E. coli on water agar; 
in contrast to the usual pattern on this medium, as shown in 
b) and e), here the swarm ends in a series of compact knobs 
with delicate, flame-like extensions (swarm center is to the 
right). Bar = 1 mm. Pictures made with Leitz Aristophot (a 
to g); Zeiss Axiomat (h, j, k and m); and Olympus SZH 
Stereo Microscope (i, 1, n and o). 
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under mesophilic conditions. A study on the dis- 
tribution of Herpetosiphon in the surface layers 
of Lake Constance (a large, deep, fairly olig- 
otrophic lake in southwestern Germany) demon- 
strated the organism only in contaminated areas 
close to cities or at the mouths of rivers, while it 
was absent in clean stretches of water in the mid- 
dle of the lake or along uninhabited and undis- 
turbed shores (Graf and Perschmann, 1970). This 
suggests that the Herpetosiphon population at 
the lake surface has its origin in the soil of the 
surrounding area and in contaminated waters 
running into the lake. The examples mentioned 
in the introduction show however that Herpeto- 
siphon also thrives in the benthos of freshwater 
bodies. Therefore, its absence in the surface lay- 
ers may be best explained by a fast sedimenta- 
tion of the floes of entangled laments, which can 
stay in suspension only in vigorously agitated 
liquids. 

Herpetosiphon and Herpetosiphon-liko bacte- 
ria have also been observed and isolated from 
activated sludge of sewage plants on several 
occasions in different parts of the world (Salcher 
et al., 1982; Trick and Lingens, 1984; Senghas 
and Lingens, 1985; Bradford et al., 1996; Kohno 
et al., 2002; Bjornsson et al., 2002; Lee et al. 
(manuscript in preparation)). Herpetosiphon 
may, however, have been observed on many 
more occasions in sewage material, but it has not 
been recognized as such. For instance, the organ- 
ism described from a Dutch sewage plant as 
belonging to group III (Van Veen, 1973) may 
have been Herpetosiphon (strain Rz in Van 
Veen’s Fig. 12, which shows the typical empty 
sleeves at the ends of the filaments). Interest- 
ingly, those bacteria were practically always 
present in activated sludge. The role of Herpeto- 
siphon in sewage plants is unknown. However, if 
the filaments observed by Van Veen (1973) were 
indeed Herpetosiphon, it may represent one of 
the many biological agents for the “bulking” 
problems in sewage plants (for a review, see 
Eikelboom [1983] or Jenkins et al. [2003]). On 
the other hand, recently Bjornsson et al. (2002) 
and later Lee et al. (manuscript in preparation) 
speculated that filaments belonging to the chlo- 
roflexi and, thus among others, Herpetosiphon, 
may be one of the crucial agents for the impor- 
tant backbone structure of activated sludge floes, 
thus suggesting a positive role for at least some 
chloroflexi filaments in sewage plants. 

One species, H. geysericola (ATCC 23076^), 
has been described from the surroundings of a 
hot spring (Lewin, 1969a; Lewin, 1970). It is rep- 
resented by just one strain, which in addition 
appears to be thermotolerant rather than ther- 
mophilic (the literature is completely mute about 
that important point; but the American Type 
Culture Collection [ATCC] catalog lists a growth 
temperature of 30°C for the strain). The environ- 



ment from which H. geysericola was isolated is 
of interest insofar as this is the typical habitat of 
the related thermophilic phototroph Chlorof- 
lexus. In a study in a Yellowstone hot spring (Yel- 
lowstone National Park, United States), it was 
shown that the bacterial mat contained two other 
types of filamentous bacteria besides Chlorof- 
lexus (Tayne et al., 1987). Unfortunately, the 
antiserum used to identify Chloroflexus was not 
tested for crossreactions to Herpetosiphon. It is 
thus still unknown whether Herpetosiphon may 
be more common in such environments than has 
so far been assumed. Even though several molec- 
ular surveys on the microbial population in dif- 
ferent hot springs and microbial mats have not 
retrieved any Herpetosiphon-related 16S rRNA 
gene sequences (e.g., Pierson et al., 1994; Hugen- 
holtz et al., 1998b; Boomer et al., 2002; Nubel et 
al., 2002), this is still not a final proof for their 
nonexistence in these systems in particular since 
many of these studies used molecular markers 
specific only for phototrophic members of chlo- 
roflexi (Pierson et al., 1994; Boomer et al., 2002; 
Ntibel et al., 2002). Lee et al. (manuscript in 
preparation) showed that although it was possi- 
ble to isolate Herpetosiphon from activated 
sludge as well as observe it in situ by microscopy 
using Herpetosiphon-spQcific oligonucleotide 
probes, no Herpetosiphon affiliated clones could 
be retrieved from a 16S rRNA clone library 
based on general Bacteria polymerase chain 
reaction (PCR) primers, although 10% of the 
obtained clones were indeed affiliated to other 
as yet not cultivatable members among the chlo- 
roflexi. This suggests that Herpetosiphon may not 
be so easily retrieved from the environment in 
16S rRNA clone library surveys on the basis of 
general PCR primers. 

While Herpetosiphon obviously may be a com- 
mon inhabitant of freshwater, it is equally at 
home in nonaquatic environments. One of us has 
isolated (as a byproduct of myxobacteria isola- 
tion) in the course of 20 years more than 400 
Herpetosiphon-likQ strains from soil samples, 
dung pellets, rotting wood, and similar materials 
collected all over the world in various climate 
zones, including decidedly hostile, dry, and hot 
environments, like semi-deserts in Tunisia and 
Arizona, steppe habitats in Mediterranean coun- 
tries, the Canary Islands, and gypsum hills on 
Cyprus (H. Reichenbach, unpublished observa- 
tions). Twenty-eight of these isolates have been 
further examined. Ten of these isolates were 
related to H. aurantiacus (16S rRNA gene simi- 
larity >97%), whereas the rest most likely repre- 
sent novel genera among chloroflexi (Lee et al. 
(manuscript in preparation)). It seems that the 
diversity of Herpetosiphon is larger in soil than 
in aquatic environments, since all isolates 
obtained so far from freshwater environments or 
sewage plants (with the exception of some iso- 
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lates of Senghas and Lingens [1985], which are 
unfortunately no longer available for further 
comparison) are closely related to H. aurantia- 
cus, whereas some of the soil isolates represent 
most likely novel genera (Lee et al. (manuscript 
in preparation)). 



Isolation 

Herpetosiphon may be isolated from any of the 
sources mentioned in the section Habitats in this 
Chapter. The terrestrial strains usually survive 
desiccation so that dry samples can also be used. 
One of us was able to obtain Herpetosiphon from 
rotting wood after eight years storage, from 
filter-paper preserves of contaminated myxobac- 
teria after six years, and from soil after two years 
of storage in the dry state at room temperature 
(H. Reichenbach, unpublished observations). It 
has been noted that strains from sewage plants 
may also be extremely resistant to desiccation 
(Trick and Lingens, 1984). 

No specific enrichment techniques are known. 
The strains on which the definition of the genus 
is based were isolated by making a single streak 
from the slimy coat of Chara on a plate with 
0.3% peptonized milk (Difco) and 1.5% agar. 
The culture was incubated at room temperature. 
Evidently, this relatively rich medium can be 
used only if the sample contains few other micro- 
organisms (Holt and Lewin, 1968). Therefore, for 
a more successful isolation, use is made of the 
ability of the organism to glide away from the 
inoculum and to produce a typical swarm pat- 
tern. To elicit gliding and to suppress excessive 
growth of contaminants, media very low in 
organic constituents are recommended. The 
simplest medium is plain water agar, to which 
cycloheximide may be added to prevent the 
development of fungi: 

WAT Agar 

I CaCl2-2H20 0.1% 

I Agar 1.5% 

Dissolve the ingredients in distilled water and 
adjust the pH to 7.2 with KOH. The pH adjust- 
ment is much easier if HEPES (20 mM) is added 
as a buffer. For crude cultures, use WCX agar, 
which is WAT agar plus a filter-sterilized stock 
solution of cycloheximide (25 pg/ml of medium). 

Several small samples of soil or other sources 
of inoculum (size of a lentil) are placed on the 
surface of the dry plate, a few cm from each 
other, and the culture is incubated at 30°C. After 
2-20 days, the typical swarm colonies with long 
flares and coils of entangled filaments at the 
edge may be observed (Fig. 3). The very delicate 
pattern can only be seen if an oblique light beam 
produced by a tiltable mirror is applied from 



below. We have had success with WAT agar 
plates with three thin, parallel streaks of living 
Escherichia coli, each of which is inoculated at 
one end. Herpetosiphon grows in a spreading 
fashion within the streaks, usually without lysing 
the E. coli cells, and often only appears along the 
edges of the streaks in the form of long fiame- 
like structures or a loose pattern of separate, 
coiling strands of filaments. Sometimes, large 
and more or less dense swarm sheets are pro- 
duced that spread over much of the plate. An 
especially high yield of Herpetosiphon can some- 
times be obtained if such cultures are incubated 
at 38°C. 

For the isolation of planktonic Herpetosiphon 
in freshwater, between 0.5 and 1 liter of lake or 
river water is passed through a sterile membrane 
filter (pore size, 0.4 pm). The filter is then cut into 
pieces, and the segments are placed on a low- 
nutrient agar medium. In the original study, 
rabbit dung agar was used but any other lean 
medium would certainly also do. 

Rabbit Dung Agar (Graf and Perschmann, 1970) 

I Boil dry dung pellets from wild rabbits (20 g) in 1 liter of 
distilled water for 20 min. Add 15 g of agar to 1 liter of 
filtrate. Adjust the pH to 7.2. 

The cultures are incubated at 33°C. After 
about 6 days, swarm colonies begin to spread 
from the edges of the filter. 

Different procedures have been applied for 
the isolation of Herpetosiphon from activated 
sludge. One procedure consists of streaking a 
drop of the sludge sample on agar plates or 
embedding it in agar itself (Trick and Lingens, 
1984; Senghas and Lingens, 1985). Another pro- 
cedure is based on micromanipulation of fila- 
ments in the activated sludge (Bradford et al., 
1996). Different media have been used, ranging 
from complex but rather nutrient-poor media, 
such as BG-11 agar (originally designed for the 
isolation of cyanobacteria), I agar (Trick and 
Lingens, 1984; Senghas and Lingens, 1985) or 
R2A (Bradford et al., 1996) to sludge-based 
media (Senghas and Lingens, 1985; Lee et al. 
(manuscript in preparation)). As sewage organ- 
isms are notoriously fastidious and adapted to 
very low nutrient levels, we have listed below all 
the media used; whether they are really required 
or could be replaced by simpler recipes has not 
been determined. The cultures are incubated at 
25°C and examined with a phase contrast micro- 
scope over several weeks (Salcher et al., 1982; 
Bradford et al., 1996). Pure cultures can be 
obtained by transferring filaments from the 
advancing swarm edge to the same media again, 
or, as soon as the culture is sufficiently pure, to 
richer media (see the section Cultivation in this 
Chapter). We often have good results with trans- 
fers to streaks of autoclaved E. coli on water 
agar, although some Herpetosiphon strains do 
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not grow on autoclaved bacteria (see the section 
Cultivation in this Chapter). As the organism has 
to be carefully removed from the contaminated 
plate, transfers are made best by cutting out a 
piece of the swarm edge on a small agar block 
using a drawn-out glass rod or, more conve- 
niently, a fine steel injection needle (e.g., on a 1- 
ml disposable syringe). The procedure is 
repeated until the strain is pure. Two properties 
of Herpetosiphon may substantially speed up 
purification: We have found that all Herpetosi- 
phon strains tested so far grew at 38°C and are 
resistant to 250 mg of kanamycin sulfate per liter. 

BG-11 Agar (Stanier et al., 1971) 



NaNOs 1.5 g 

K2HPO4 0.04 g 

MgS04 • 7H2O 0.075 g 

CaCb • 2H2O 0.036 g 

Citric acid 0.006 g 

Ferric ammonium citrate 0.006 g 

EDTA(Na2-Mg salt) 0.001 g 

Na2C03 0.02 g 

Trace element solution A5 1 ml 
Agar 15 g 

Distilled water 1 liter 



The trace element stock solution A5 contains per liter: 
H3BO3, 2.8 g; MnCfi • 4H2O, 1.8 g; ZnS04 • 7H2O, 0.2 g; 
Na2Mo04 • 2H2O, 0.4 g; CUSO4 • 5H2O, 0.08 g; and 
Co(N03)2 • 6H2O, 0.05 g. 

I Agar (modified from Van Veen, 1973; Salcher et al., 



1982) 

Glucose 0.15 g 

(NH4)2S04 0.5 g 

Ca(N03)2 0.01 g 

K2HPO4 0.05 g 

MgS04 • 7H2O 0.05 g 

KCl 0.05 g 

CaC03 0.1 g 

Agar 15 g 

Distilled water 1 liter 



After autoclaving, add 10 ml of a filter-sterilized vitamin 
solution. The vitamin solution contains per liter; Ca pan- 
tothenate, 10 mg; nicotinic acid, 10 mg; biotin, 0.5 mg; 
cyanocobalamin, 0.5 mg; folic acid, 0.5 mg; pyridox- 
ine-HCl, 10 mg; p-aminobenzoic acid, 10 mg; thiamine 
pyrophosphate, 10 mg; thiamine, 10 mg; inositol, 10 mg; 
and riboflavin, 10 mg. 

R2A Agar (Reasoner and Geldreich, 1985) 



Enzymatic digest of casein 


0.25 g 


Enzymatic digest of animal tissue 


0.25 g 


Acid hydrolysate of casein 


0.5 g 


Yeast extract 


0.5 g 


Glucose 


0.5 g 


Soluble starch 


0.5 g 


KH2 PO4 


0.3 g 


MgS04 • 7H2O 


0.1 g 


Sodium pyruvate 


0.3 g 


Agar 


15 g 


Distilled water 


1 liter 


Adjust pH to 7.2. 





Sludge-based Media (Fuhs and Chen, 1975) 


CH3COOH-Na 


5g 


(NH 4 ) 2 S 04 


2g 


MgS 04 • 7H2O 


0.5 g 


KH2PO4 


0.25 g 


CaCb • 2H2O 


0.2 g 


Agar 


15 g 


Mixed liquor (sewage/sludge) 


200 ml 


Distilled water 


800 ml 


Adjust pH to 7.0. 




VY/2 Agar 




Bakers’ yeast (fresh weight) 


0.5% 


CaCb • 2H2O 


0.1% 


Cyanocobalamin 


0.5 mg/liter 


Agar 


1.5% 


Dissolve ingredients in distilled water and ad 



7.2. 



CY Agar 

Casitone (Difco) 0.3% 

Yeast extract 0.1% 

CaCl2-2H20 0.1% 

Agar 1.5% 

Dissolve ingredients in distilled water and adjust to pH 
7.2. 

CYCAS Agar 

Casitone (Difco) 0.3% 

Yeast extract 0.3% 

CaCl2-2H20 0.1% 

Cellulose powder 0.1% 

Soluble starch 0.1% 

Acetate 0.1% 

Agar 1.5% 

Dissolve ingredients in distilled water and adjust to pH 

7.2. 

ATCC Medium 810 (Myxo 810 Medium) 

Skim milk powder 0.5% 

Yeast extract 0.05% 

Agar 1.5% 

Dissolve ingredients in distilled water. Do not adjust the 
pH. 

EC Medium (Enriched Cytophaga Medium; Pate and 



Chang, 1979) 

Tryptone (Difco) 0.2% 

Yeast extract (Difco) 0.05% 
Na acetate 0.02% 

Agar 1.5% 



Dissolve ingredients in distilled water and adjust to pH 

7.5. 

Escherichia coli Overlay Agar 

Suspend the growth of four culture plates of E. coli (on 
any suitable medium) in 100 ml of water agar (WAT agar; 
see the section Isolation in this Chapter). Autoclave the 
suspension and pour as a thin layer on top of water agar 
plates. 

Medium 2 (Lewin and Lounsbery, 1969b) 

I Casamino acids 0.1% 

Na glycerophosphate 0.01% 

Tris buffer 0.1% 
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KN03 0.01% 

CaCl2-2H20 0.01% 

MgS04'7H20 0.01% 

Thiamine 1 mg/liter 

Cyanocobalamin 1 mg/liter 

Agar 1% 

Glucose 0.1% 

Dissolve all ingredients except for glucose in distilled 
water and adjust to pH 7.5. Add separately autoclaved 
glucose after autoclaving the solution of the other 
ingredients. 

Most of the cultivable strains also grow in liq- 
uid media, in shake flasks, and in fermentors. A 
good medium for many strains is HP74 liquid 
medium. Other strains grow equally well or bet- 
ter in peptone-containing media, e.g., in CAS 
liquid medium, R2A liquid medium, or MDl liq- 
uid medium. 

HP74 Liquid Medium 



Na glutamate 1% 

Yeast extract (Difco) 0.2% 
MgS04 • 7H2O 0.2% 

Glucose 1 % 



Autoclave the glucose separately as a 20% stock solution. 
Add 20 ml per liter of separately autoclaved phosphate 
buffer (50 mM, pH 6.5) to give 1 mM. 



CAS Liquid Medium 




Casitone (Difco) 


1 % 


MgS04 • 7 H 2 O 


0 . 1 % 


The pH should be 6 .^ 


>; do not adjust. 


MDl Liquid Medium 




Casitone (Difco) 


0.3% 


CaCh • 2 H 2 O 


0.07% 


MgS04 • 7 H 2 O 


0 . 2 % 


Cyanocobalamin 


0.5 mg/liter 



Add trace element solution (see below) after autoclaving 
the MDl medium. The pH should be 6 . 8 ; do not adjust. 
If Casitone (Difco) is replaced by other enzymatically 
digested casein peptones, adjust pH to about 7. 



Trace Element Solution 

MnCb ' 4 H 2 O 100 mg 

C 0 CI 2 20 mg 

CUSO 4 10 mg 

Na 2 Mo 04 • 2 H 2 O 10 mg 

ZnCh 20 mg 

LiCl 5 mg 

SnCb • 2 H 2 O 5 mg 

H3BO3 10 mg 

KBr 20 mg 

KI 20 mg 

EDTA, Na-Fc 3 ^ salt (trihydrate) 8 g 
Water 1 liter 



Sterilize by filtration and add 1 ml per liter of medium. 
The filter-sterilized solution is stable for months at room 
temperature because of its high EDTA content. 



Cultivation 

In general, Herpetosiphon prefers low nutrient 
levels. Thus, one of our strains, Hp gl75, pro- 
duced good growth over six transfers on plain 
water agar, obviously living off minute quantities 
of contaminating material in the agar but with- 
out visibly attacking the agar itself. Rich media, 
like nutrient agar or nutrient broth, are often not 
suitable at all. About one out of three strains 
isolated from soil on streaks of living E. coli can 
be cultivated without difficulty on complex 
media, such as VY/2 agar, CY agar, CYCAS 
agar, milk-based agar media (e.g., ATCC 
medium 810) or R2A agar (see the section Iso- 
lation in this Chapter). Isolates obtained from 
freshwater or sewage systems may also be culti- 
vated on these media and in addition on EC and 
I agar media (see section Isolation in this Chap- 
ter). Herpetosiphon geysericola (ATCC 230767^) 
was cultivated on medium 2 (Lewin, 1970). This 
medium was used as a standard medium for the 
cultivation of many different organisms; thus, not 
every component may be required by H. geyser- 
icola (e.g., thiamine). Herpetosiphon geysericola 
however also grows on all of the media men- 
tioned above. 

Many strains produce heavy growth and often 
spread within a few days over the entire plate. 
Some strains tend to penetrate the agar (Fig. 3). 
The yeast in VY/2 agar may or may not be lysed. 
However, a signiflcant number of the soil isolates 
obtained from water agar media with streaks of 
living E. coli cannot be further cultivated on 
other media. Only a few of them respond favor- 
ably to a reduction of the nutrient concentration 
and can be grown on media like VY/5 agar (such 
as VY/2 agar but with yeast concentration 
reduced to 0.2%). Others grow more or less 
poorly on E. coli overlay agar, but most of them 
can barely be kept alive on streaks of autoclaved 
E. coli on water agar. Some of these strains sur- 
vive only on living bacteria, presumably because 
they require some labile growth factor. The alter- 
native explanation (i.e., E. coli removes some 
inhibiting component) seems less likely because 
the filaments often creep far away from the E. 
coli streak. All our efforts to identify growth fac- 
tors have been unsuccessful, although many pos- 
sibilities have been tested (different vitamins, 
sugars, and amino acids; plant oil; chitin, cata- 
lase, and cell fractions of E. coli and of cultivable 
Herpetosiphon strains; anaerobic and microaero- 
philic conditions; different agar concentrations, 
temperatures, and pH values; illumination). Re- 
cently, we found that four of these fastidious 
strains, Hp gl22 (DSM 15874); Hp gl24 (DSM 
15875); Hp gl50 (DSM 15876), and Hp gl74 
(DSM 15877) were only distantly related to the 
type strain Herpetosiphon aurantiacus ATCC 
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23779^ (ca. 80% 16S rRNA gene sequence simi- 
larity), which strongly indicates that they repre- 
sent a new genus among chloroflexi (Lee et al. 
(manuscript in preparation)). 

In agitated cultures the organisms may grow 
as homogeneous suspensions, but often the fila- 
ments stick together to form flakes or tight 
spherules. One of our strains, Hp a2 (DSM 589), 
a member of the H. aurantiacus species group, 
forms flakes when inoculated into HP74 liquid 
medium; the cultures become completely uni- 
form after a few days, but the organism forms 
flakes again upon transfer into fresh medium. 
Growth is not particularly fast: The doubling 
time is in the range of 15-20 h, and the cultures 
do not enter the stationary phase before 4-6 
days of cultivation (30°C, HP74 liquid medium, 
shake flasks). Wet- weight yields are in the 
order of 1-3 g/liter in shake flasks and 2-4.5 g/ 
liter in fermentors (HP74 liquid medium). The 
dry weight amounts to roughly 20% of the wet 
cell mass. Trick and Lingens (1984) and Senghas 
and Lingens (1985) obtained similar values 
(doubling time 20-25 h; cell yield after 5-6 days, 
2-3.5 g wet weight per liter and 0.5-1 g dry 
weight per liter) with their sewage isolates when 
cultivating them on EC medium at 25°C, their 
temperature optimum. 

All known strains are strictly aerobic. The tem- 
perature range differs with different strains. In 
general, the freshwater strains seem to prefer 
lower temperatures, around 25°C, while the soil 
and some freshwater strains grow very well at 
30°C and above. All Herpetosiphon and Herpe- 
tosiphon-VikQ soil strains tested by us grew at 
38°C, and some Herpetosiphon-likc strains still 
grew at 45°C (e.g., Hp g207, DSM 15737; Lee et 
al. (manuscript in preparation)). The sewage 
strains showed a temperature minimum at 15°C, 
a maximum at 37°C, and an optimum at 25°C 
(Trick and Senghas, 1984; Senghas and Lingens, 
1985; Lee et al. (manuscript in preparation)). 
Herpetosiphon geysericola comes from the vicin- 
ity of a hot spring but can be cultivated at 30° C 
(see the section Habitats in this Chapter). The 
optimal pH range is 7-7.5, although pH values of 
8-9 seem occasionally to be tolerated. 



Preservation 

Most Herpetosiphon strains survive on agar 
media at 30°C or room temperature for up to 3 
months. Slant cultures stored at 4°C have been 
successfully subcultured after 14 months. How- 
ever, some Herpetosiphon-likQ strains, such as 
Hp g6 (DSM 15710), Hp gl6 (DSM 15736) and 
Hp g207 (DSM 15737), which represent more 
likely novel genera of chloroflexi rather than 



Herpetosiphon, are more sensitive to long-term 
storage at room temperature or at 4°C. These, 
as well as stock cultures, should be transferred 
every 3-4 weeks (Lee et al. (manuscript in 
preparation)). 

Herpetosiphon strains may be preserved by 
any of the standard procedures. A convenient 
and reliable method is storage at -80°C.The bac- 
teria are suspended in 1 ml of CAS or HP74 
liquid medium and simply put into the deep 
freeze. Thawing should be fast, best accom- 
plished by immersing the tube in cold water, and 
transfers to a suitable growth medium have to be 
made immediately after thawing. We have been 
able to reactivate such preserved cultures with 
no problems after 8 years of storage, the longest 
period tested. Alternatively, the bacteria can 
be frozen in liquid nitrogen. In one study, the 
filaments were suspended in growth medium 
(medium 2 as above, without agar), supple- 
mented with 10% of either glycerol or dimethyl 
sulfoxide (Sanfilippo and Lewin, 1970). All 
strains survived freezing and thawing with 
both additives. Only the glycerol preserves were 
tested again after 1 year, and all strains were still 
viable. When stored in growth medium without 
additives at -22°C, three out of four strains sur- 
vived for 21 weeks (the longest period tested) 
and one for 6 weeks. Strains dried in skim milk 
could always be reactivated after storage for up 
to 12 years (unpublished data). We do not 
freeze-dry the organism itself but only the skim 
milk: A few drops of a thick suspension of Her- 
petosiphon filaments, taken from a young plate 
culture, are added to a plug of freeze-dried skim 
milk in an ampoule. The plug absorbs the liquid 
without liquefying itself. The ampoule is then 
dried at room temperature in a desiccator on a 
vacuum pump for several hours. After filling the 
desiccator with nitrogen gas, the ampoules are 
sealed. 

Herpetosiphon strains are currently available 
from six different cultures collections: ATCC 
(the American Type Culture Collection, Rock- 
ville, USA), ACM (the Microbial Culture Collec- 
tion of the University of Queensland, Brisbane, 
Australia), CCUG (Culture Collection Univer- 
sity of Goteborg, Sweden), DSMZ (Deutsche 
Sammlung von Mikroorganismen und Zellkul- 
turen, Braunschweig, Germany), NCIMB (the 
National Collection of Industrial Food and 
Marine Bacteria, University of Aberdeen, 
Scotland), and TISTR (the Culture Collection of 
Bangkok, MIRCEN, TLailand). The largest col- 
lection is deposited at DSMZ, encompassing the 
“Hans Reichenbach Collection” of 460 Her- 
petosiphon and Herpetosiphon-like strains; how- 
ever, only around 30 of these strains have been 
further characterized (Lee et al. (manuscript in 
preparation)). 
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Morphological Characteristics 

The filamentous morphology and the “sleeves” 
of Herpetosiphon are rather distinct so that the 
bacterium can readily be recognized under the 
microscope. However, some of the other gliding 
filamentous genera among chloroflexi, e.g., Chlo- 
roflexus, Heliothrix and Roseiflexus, share certain 
morphological features with Herpetosiphon 
(Garrity and Holt, 2001; Lee et al. (manuscript 
in preparation)). Fortunately, since most of these 
latter mentioned filaments are mainly thermo- 
philic and facultative phototrophic, a certain dis- 
tinction may still be possible by knowing the 
habitat, the physiology or the pigmentation of 
the organism. Nevertheless, for a final identifica- 
tion, a molecular method, such as 16S rRNA 
gene analysis or fluorescence in situ hybridiza- 
tion (FISH) using oligonucleotide probes is 
strongly recommended (for a review of oligonu- 
cleotide probes used for detecting different mem- 
bers of chloroflexi, see Bjornsson et al. [2002] and 
Lee et al. (manuscript in preparation)). 

General Morphology 

The morphology of the two acknowledged spe- 
cies (aurantiacus and geysericola) of Herpetosi- 



phon is rather similar. Herpetosiphon forms 
extremely long, unbranched, multicellular fila- 
ments of uniform diameter (Fig. l).The filaments 
often measure 100 pm to more than 1200 pm in 
length. The cells in a filament cohere tenaciously 
so that the filament does not break easily. 
Unconstrained filaments in a liquid medium 
appear straight and stiff, but in fact they are 
extremely flexible and can sharply bend back 
and twist around themselves in a rope-like fash- 
ion or intertwine into plait-like masses (Fig. 1). 
The width of the filaments varies with different 
strains (0.5-1. 7 pm), mostly between 0.7 pm and 
1.2 pm. There is also considerable variation 
within the same culture (Fig. 2). For instance, we 
have measured filament diameters between 
0.7 pm and 1.6 pm in an 11-day-old culture of 
the type strain of H. aurantiacus on CY agar. In 
older cultures or under unfavorable conditions, 
the filaments often swell substantially and may 
become completely irregular in outline. Further- 
more, the filaments are often locally inflated and 
form large, spherical structures, or “bulbs,” with 
a diameter of 2.5-S.5 pm (Reichenbach and 
Golecki, 1975; Trick and Lingens, 1984; Fig. 4). 
Under the electron microscope a membrane 
body at the end of a septum-like stalk can always 




Fig. 4. Special structures of Herpetosiphon aurantiacus. (a to c) Desiccation-resistant filaments in a chamber culture, a) and 
b) Survey pictures; dark field; Bars = 200 pm: a) 9 days old, with the filaments still essentially intact; b) 32 days old, with only 
remnants of the filaments left. Bar = 200 pm. c) At high magnification, the remaining segments of the old filaments appear 
irregular in outline and optically refractile; there are conspicuous slime tracks. Bar = 30 pm. d) The empty sleeves, which are 
visible here at the ends of many filaments, are easy to recognize, even at a relatively low magnification, and thus help to 
quickly identify an isolate as a Herpetosiphon. Bar = 10 pm. e) A necridium (arrow). Bar = 10 pm. f) Bulbs. Bar = 20 pm. 
Zeiss Standard Microscope (a to c). Zeiss Axiomat (d to f); (c to f) in phase contrast. 
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be seen within the bulb. Those bulbs seem to be 
a degeneration phenomenon, and outgrowth or 
further development has never been observed 
from them. In old cultures, the filaments also 
tend to become shorter, especially on peptone- 
containing media, simply because more and 
more cells die and the filaments snap at such 
sites. The fragments can be as short as one cell. 
In old cultures, particularly on agar, short, opti- 
cally retractile, irregular filaments are often seen 
(Fig. 4). As those are the only structures left in 
old, drying, but still viable cultures, they appear 
to be desiccation-resistant resting forms. How- 
ever, their germination has not been directly 
observed so far. 

The filaments consist of cylindrical cells that 
have the same diameter as the filament, and they 
are so closely attached to one another that only 
exceptionally shallow notches can be seen at the 
surface. Under a microscope with a high resolu- 
tion using phase or interference contrast, the 
cells can sometimes be seen in living filaments 
(Fig. 2). The septa become more conspicuous in 
older cultures, particularly when the organism is 
grown on a peptone-rich medium, like CY agar. 
In such filaments the intracellular membrane 
bodies (see below) can often also be recognized 
(Fig. 2). The cells become clearly distinguishable 
if the filaments are first dried to the slide and 
then stained, e.g., with Loeffler’s methylene blue, 
crystal violet, or alcoholic fuchsin (rosaniline). 
The lengths of the cells vary even within one 
filament, which suggests that the cells do not 
divide synchronously. The cell length may also 
vary with the culture medium, the culture age, 
and the strain. With many strains, cell lengths 
between 1.5 |im and 4.5 pm have been measured. 
The type strain of the genus appears to have 
especially long cells, measuring between 3 pm 
and 7 pm and sometimes 10 pm. 

In wet mounts, Herpetosiphon filaments often 
can be seen to bend slowly and sometimes to 
slowly oscillate back and forth. In contact with a 
suitable interface, i.e., one to which the organism 
can stick, like a glass or an agar surface, the 
filaments glide slowly and, during this move- 
ment, deposit characteristic slime tracks (Fig. 1). 
Gliding filaments often bend laterally to form 
hairpin-like loops (Fig. 1). In liquid media, the 
filaments apparently move along themselves. 
They may coil around themselves or one another 
and produce all kinds of loops and knots (Figs. 1 
and 2). 

Sleeves or Sheathes 

A most characteristic feature of Herpetosiphon 
is the presence at the ends of many filaments of 
transparent sections, which we call sleeves (Fig. 
2). The sleeves have the same diameter as the 



filaments (1.4-5.5 pm) and are usually 1.5-3.5 
pm long (the measurements are those for strain 
Hp a2, DSM 589, member of the H. aurantiacus 
group). The role of those sleeves is still con- 
troversial. Some investigators have regarded 
them as an indication of a sheath (Holt and 
Lewin, 1968; Skerman et al., 1977) or at least of 
a microsheath (Trick and Lingens, 1984). We pre- 
fer a different explanation (Reichenbach and 
Golecki, 1975): The filaments appear to multiply 
by breaking at the sites of necridia, i.e., dead cells 
along the filament. Such necridia can occasion- 
ally be observed in young cultures, and their 
number increases substantially with the age of 
the culture (Fig. 2). Their length (1.5-3.7 pm) is 
in the size range of ordinary cells. Trichome divi- 
sion by breakage at necridial cells is well known 
from other bacteria and has been described, e.g., 
for Oscillatoria (Lamont, 1969) and Beggiatoa 
(Strohl and Larkin, 1978). When a filament 
snaps, the empty cell wall cylinder of the necrid- 
ium remains attached to the end of one daughter 
filament and gives rise to a sleeve. In strain Hp 
a2 (DSM 589), the outer wall seems to rupture 
at one of the ends of the necridium (near the 
cross-wall rather than across its middle), for the 
shortest and the longest sleeves correspond 
exactly to the lengths of the shortest and the 
longest cells. This would also explain why only 
some of the filaments’ ends bear a sleeve, 
although it seems that the sleeves may also be 
shed; often empty sleeves can be seen lying in 
between the filaments. With the type strain of H. 
aurantiacus, on the other hand, the sleeves are 
exceptionally short, with a size distribution cor- 
responding approximately to one-half that of the 
cell length, so that here the necridia seem to 
break preferentially in their center. 

There are at least six more arguments against 
the presence of a sheath: 1) The filament glides 
as a whole, with its empty end-pieces in position, 
which would seem unlikely if the cells were 
enclosed in a sheath. 2) There is no movement of 
cells within the filament, e.g., at the site of a 
necridium, nor a release of cells at the ends of 
the filament. This was observed by Holt and 
Lewin (1968) and also by the present authors. 
But the literature is not in complete agreement 
on these points. Movement of a filament within 
its sheath has been described and verified by 
time-lapse photography (Skerman et al., 1977); 
however, it is our impression that what was 
described as a sheath may really have been a 
slime trail. Also, it was stated that single, gliding 
cells were released from the filaments (Brauss et 
al., 1969), but in this case what was seen may 
simply have been short fragments that broke off 
the ends of the filament. 3) If the sleeve were a 
piece of a sheath, it would be difficult to under- 
stand why, as a rule, it does not exceed the length 
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of a cell. 4) If a sheath were present, one could 
expect an occasional false branching of the fila- 
ments. 5) When a whole filament dies and decays, 
it falls apart into cell-sized pieces (Fig. 2). Obvi- 
ously, there is no sheath to hold them together. 
6) We have never been able to demonstrate any- 
thing resembling a real sheath under the electron 
microscope, with specimens prepared by freeze- 
etching, negative contrast, metal shadowing, or 
thin-sectioning after several different fixation 
protocols (Reichenbach and Golecki, 1975; see 
also Graf and Perschmann, 1970). This is also 
true for the type strain (Fig. 5). The thin, tube- 
like structure composed of fibrils, which has been 
described by several investigators and has been 
interpreted as a microsheath (Skerman et al., 
1977; Senghas and Lingens, 1985; Holt, 1989), 
probably has a different explanation. 

How can these differences of opinion about 
the existence of a sheath in Herpetosiphon be 
reconciled? Differences among strains can prob- 
ably be ruled out, for we included the type strain 
in our studies and found no significant diver- 
gence from strain Hp a2 (DSM 589). A sheath is 
a morphologically distinct structure, a hollow 
cylinder with a discrete outer boundary, excreted 
by the cells and not covalently bound to their 
surface. Under the light microscope, a sheath 
should be clearly recognizable, e.g., after nega- 
tive staining with nigrosin or India ink. Under 
the electron microscope, a sheath may be diffi- 
cult to visualize in thin sections because of poor 
contrast with the usual techniques, but with neg- 
ative contrast or metal shadowing, it should be 
seen. Like all gliding bacteria, Herpetosiphon 
excretes slime, and slime fibrils can always be 
observed in the neighborhood of the trichomes, 
but this material is more or less diffuse. Under 
certain conditions this slime may condense, per- 
haps as a consequence of dehydration during fix- 
ation, and then it may appear as a dense tube. 
This is probably what has been taken as evidence 
for a sheath by various investigators (Skerman et 
al., 1977; Senghas and Lingens, 1985; Holt, 1989). 
Typically in all those cases cited, a wide gap 
opens between the filament and the thin, dense 
tube. Senghas and Lingens (1985) made efforts 
to demonstrate a sheath in their Herpetosiphon- 
like strains by first lysing the cells in the filament 
with lysozyme and then staining the remains with 
crystal violet. In that case, indeed, a long thin 
tube-like structure could be produced. However, 
this is still not an unequivocal proof of a sheath, 
for the technique requires as a prerequisite for 
reliable results that the organism has a normal 
bacterial cell wall. 

Electron microscopy of thin sections of Hp a2 
(DSM 589) reveals, however, that Herpetosiphon 
has an unusual cell wall structure (Reichenbach 
and Golecki, 1975). Outside the cytoplasmic 



membrane there is a well-defined peptidoglycan 
layer, 4-6 nm thick, but no outer membrane can 
be resolved. In fact, that membrane seems to be 
absent. Rather there is a thin additional layer, 
21-25 nm thick, granular in thin sections, fibrillar 
in freeze-etch preparations, on top of the pepti- 
doglycan. This layer follows the peptidoglycan 
into the shallow notches between adjoining cells 
but not into the cross-septa where only the 
peptidoglycan layer can be distinguished. We 
have never found any other defined layer outside 
the fibrillar layer, and in particular, have found 
no layer running smoothly across the cell junc- 
tions, as would be expected for a sheath. This 
peculiar wall structure is corroborated by chem- 
ical analyses of the cell envelope (see below) and 
may be directly connected with the sheath prob- 
lem. Apparently, the additional layer is consider- 
ably more resistant to decomposition than the 
usual lipopolysaccharide-containing outer mem- 
brane, and it may give the peptidoglycan, to 
which it seems to be covalently bound, a higher 
stability. Within the cells there are extensive 
intracellular membrane systems, some of which 
originate at the cross-septa, others from the cyto- 
plasmic membrane along the longitudinal walls. 
They become especially conspicuous when the 
negative-contrast technique is applied. As men- 
tioned above, under certain conditions they can 
even be seen in the light microscope. Recent 
studies on the cell envelopes of Hp a2 (DSM 
589) have revealed further interesting features, 
showing that ion-permeable channels, formed by 
a 45-k-Da protein, were present in the cell wall. 
This suggests that this strain has a permeability 
barrier on its surface similar to the outer mem- 
brane of Gram-negative bacteria, a feature 
which it shares with certain other Gram positive 
organisms, such as Mycobacterium chelonae, 
Corynehacterium glutamicum, Streptomyces gri- 
seus and Micromono sp ora purpurea (Harwardt 
et al., 2004). 

Colony Morphology 

The colonies, or swarms, usually spread quickly 
over agar surfaces and may completely cover a 
culture plate within a few days. Herpetosiphon- 
like strains, such as Hp gl6 (DSM 15736) and Hp 
g207 (DSM 15737) grow more slowly, and may 
need up to 2-3 weeks to produce a significant 
spreading growth, although the plate is rarely 
completely covered (Lee et al. (manuscript in 
preparation)). On poor media, the migrating fil- 
aments remain more or less separate and appear 
in the form of characteristic curls and whirls (Fig. 
3). Such colonies may become extremely delicate 
and are barely recognizable even if oblique illu- 
mination is applied. On media that allow good 
growth, dense and tough swarm sheets arise, with 
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Fig. 5. Electron micrographs of the type strain of Herpetosiphon aurantiacus. a) and b) Ultrathin sections; the peptidoglycan 
layer can be clearly distinguished, but while there is plenty of extracellular slime material, no structure resembling a sheath 
can be located on the surface; also, the close juxtaposition of the filaments in b) speaks against a sheath. Within the cells, 
membrane bodies can be seen, c) Shadowed preparation; an end piece with an empty cell-wall cylinder, or sleeve, is visible; 
again there is no sign of a sheath. Zeiss EM lOB electron microscope. Bars = 1 pm; the magnification is identical for a) and 
b). (Courtesy of H. J. Hirsch.) 
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a rough, dry, felt-like surface. Sometimes the 
swarm surface is completely uniform, with an 
even, curly, or felt texture. But often elegant net- 
works, massive concentric ridges, a pattern of 
large and small holes, or large, massive knobs are 
produced (Fig. 3). These last-mentioned knobs 
are particularly impressive and have been 
observed with many different isolates (Holt and 
Lewin, 1968; Brauss et al., 1969; Reichenbach 
and Golecki, 1975; Trick and Lingens, 1984; Lee 
et al. (manuscript in preparation)). Their diame- 
ter varies between 200 jam and 2000 jam, and as 
was noticed repeatedly, they strikingly resemble 
myxobacterial fruiting bodies, especially since 
they often are bright red or orange. But the fila- 
ments inside those knobs seem not to differ from 
those in other parts of the swarm, either morpho- 
logically or physiologically. Also, the ridges and 
knobs are not permanent structures but shift 
continuously from place to place and may even 
dissolve completely again. Tliis can be seen, e.g., 
in the movie mentioned earlier (Reichenbach et 
al., 1980). All those structures seem to originate 
from chance interactions of the long, migrating 
filaments that locally pull together, tangle, and 
pile up. The dynamics of the excreted, drying, 
and contracting slime may also be involved. 
Even more spectacular are long, sometimes 
branched, finger-like protuberances rising up to 
5 mm above the swarm surface (Fig. 3). They 
consist of interwoven filaments and seem to be 
produced only by certain strains. 

Phenotypical and Molecular 
Characterization 

Cell Wall Composition Chemically, the cell 
wall of Herpetosiphon aurantiacus (represented 
by the type strain ATCC 23779^ and the strain 
Hp a2 DSM 589) consists of a peptidoglycan that 
contains L-ornithine in place of diaminopimelic 
acid, a rather unusual character for a Gram-neg- 
ative bacterium (Jurgens et al., 1989). A het- 
eropolysaccharide composed of heptose, 
hexoses, pentoses and O-methyl sugars appears 
to be covalently bound to the peptidoglycan via 
muramic acid-6-phosphate. This heteropolysac- 
charide is probably the material seen in electron 
micrographs as the granular-fibrillar layer on the 
surface of the longitudinal walls. The peptidogly- 
can-poly saccharide complex amounts to 20% of 
the cell dry weight, with a polysaccharide portion 
of 70%. No evidence for a lipopolysaccharide 
was found, which would explain the absence of 
an outer membrane in thin sections; nor was 
there evidence for the presence of additional 
sheath material. Unfortunately, the cell wall 
composition has only been determined for two 
representants of the aurantiacus species group. 
Nevertheless, the cell wall of H. aurantiacus 



closely resembles that of Chloroflexus in both its 
electron microscopic appearance (Pierson and 
Castenholz, 1974) and its chemical composition 
(Jurgens et al., 1987; Meissner et al., 1988). Inci- 
dently, the filaments of Chloroflexus also often 
end with a sleeve, which for this organism also 
has been taken to suggest the existence of a 
sheath (Pierson and Castenholz, 1974). Hydroly- 
sates of extracellular slime yielded arabinose and 
glucosamine as the main constituents (for sew- 
age strains; Trick and Lingens, 1984). 

Respiratory Quinones The respiratory quino- 
nes have only been determined for two strains 
from the H. aurantiacus species group (the type 
strain H. aurantiacus ATCC 23779^ and Hp a2 
DSM 589), and for a Herpetosiphon-like 
activated sludge isolate, Wie2, whose genetic 
relatedness to Herpetosiphon (see the sec-tion 
Taxonomy in this Chapter) is unknown. Mainly 
menaquinones were detected in these three 
strains (Kleinig and Reichenbach, 1977; 
Reichenbach et al., 1978; Senghas and Lingens, 
1985). The main menaquinone in H. aurantiacus 
and Hp a2 (DSM 589) is MK-6, and 10% of the 
respiratory quinone content is MK-7 (Kleinig 
and Reichenbach, 1977). The respiratory quino- 
nes have only been investigated in a few of the 
culturable representants among chloroflexi. The 
main common factor seems to be that they con- 
tain menaquinones. Roseiflexus contains mainly 
menaquinone-11 (Hanada et al., 2002), Caldi- 
linea contains mainly menaquinone- 10 under 
aerobic conditions, whereas no quinones were 
detected in Anaerolinea (Sekiguchi et al., 2003). 

Fatty Acid Composition The two type strains of 
aurantiacus and geysericola contain the same 
fatty acids (C16:l, C16:0 and C18:l, cyclopro- 
pane C17:0, C17:0 and C18:0), whereas 

Herpetosiphon-like strains show some significant 
differences to the two type strains (Table 1). 
Branched-chain fatty acids, which are so typical 
for many other gliding bacteria, are essentially 
absent. Hydroxy fatty acids are completely lack- 
ing. The novel sulfonolipids, or capnoids, discov- 
ered in gliding bacteria of the Cytophaga group, 
were not found in Herpetosiphon (Godchaux 
and Leadbetter, 1983). Only a few fatty acid 
analyses have been performed on other mem- 
bers of chloroflexi, such as Chloroflexus, Rosei- 
flexus, Anaerolinea and Caldilinea (see review in 
Garrity and Holt [2001] and see Hanada et al. 
[2002] and Sekiguchi et al. [2003]). However, the 
results obtained so far clearly indicate that C16:0 
is the only common fatty acid present in signifi- 
cant amounts in all these strains and that each 
strain shows significant differences to the other 
strains in terms of the composition of other fatty 
acids. 
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Table 1. Fatty acid composition in the different species groups of Herpetosiphon. 



Species 


No. of strains 


Fatty acid composition 


H. aurantiacus^^ KYCC 23779^ 


12 


C16:l,"’” C16:0,"’” cyclopropane C17:0,” C17:0,’’C18:1,"’” C18:0,"’” 


H. geysericola^ATCC 23076^ 
Herpetosiphon-\ike strains 


1 


Same composition as the H. aurantiacus group 


Sludge strain Wie2^ 


3 


C16;0, C16:l, C18:l, C18:0, C19:0, 8-methyl C17:0 


“Soil strains”’’ 


10 


C14:0, C16:l, C16:0, cyclopropane C17:0, C17;0, C18:l, C18:0, 
C18:2, C19:l, C19:0, anteiso C16 



Abbreviation: type strain; C14:0, tetradecanoic acid; C16:0, hexadeconic acid; C17:0, heptadecanoic acid; C18:0, octadec- 

aonic acid; C19;0, nonadecanoic acid. 

""Senghas and Lingens, 1985. 

^N. Lee et al., manuscript in preparation. 



Pigment Patterns The harvested cell mass and 
dense colonies on agar plates of Herpetosiphon 
may be brightly colored in shades of yellow- 
orange to brick-red, but unpigmented strains, 
especially among Herpetosiphon-likc strains, do 
occur (Lee et al. (manuscript in preparation)). 
However, the pigmentation often depends on the 
growth medium and is usually more intense on 
peptone-containing substrates. The pigments are 
cell bound. Chemically, they are carotenoids 
(Kleinig and Reichenbach, 1977; Reichenbach et 
al., 1978). The pigment pattern has so far only 
been determined for seven strains of the auran- 
tiacus group, including the type strain and two 
different Herpetosiphon-liko sludge strains. One 
of these sewage strains is most likely (unfortu- 
nately, these strains are no longer available), on 
the basis of several phenotypical traits and G+C 
content, related to the H. aurantiacus species 
group (Trick and Lingens, 1984), whereas the 
affiliation of the other sewage strain is unknown 
and is thus placed in an undefined species group 
(Senghas and Lingens, 1985; see the section Tax- 
onomy in this Chapter). The pigment patterns 
obtained so far seem however to be uniform 
since only quantitative (but no qualitative) vari- 
ation has been observed. The dominant com- 
pound has a 4-oxo-beta-psi-chromophore, with a 
hydroxyl in C-1’ to which a disaccharide consist- 
ing of glucose is connected via a glycoside bond. 
One of the sugars bears an ester-bonded fatty 
acid, in strain Hp a2 (DSM 589) mainly C16:0 
and C18:l (Fig. 6 ). Composite carotenoids of this 
type are well known from myxobacteria, but in 
these latter organisms, only monosaccharides are 
found as sugar constituents. Carotenoids with a 
disaccharide component are unique so far among 
prokaryotic pigments. 

Metabolic Characteristics Although all 
known Herpetosiphon strains are aerobic, they 
seem to prefer microaerophilic conditions. All 
strains, except for the Herpetosiphon-liko sludge 
strain of Senghas and Lingens (1985), are cata- 
lase- and oxidase positive (Lee et al. (manuscript 
in preparation)). The nutritional requirements. 



Fig. 6. Chemical structure of the main pigment of Herpeto- 
siphon aurantiacus. (From Kleinig and Reichenbach, 1977.) 



physiology, and biochemical capabilities of Her- 
petosiphon are not yet fully understood. Herpe- 
tosiphon is a strict organotroph, but because it is 
often able to grow on media very low in organic 
constituents (even on pure water agar, WAT 
agar; see the section Isolation in this Chapter), 
the results of substrate-utilization experiments 
must be interpreted with great care. However, 
some of the Herpetosiphon strains, as well as the 
Herpetosiphon-likQ sludge strains reported by 
Senghas and Lingens (1985), do seem to be able 
to utilize, but not acidify, various hexoses, pen- 
toses and sugar alcohols (Lee et al. (manuscript 
in preparation)). Organic acids, with the excep- 
tion of p-hydroxybutyrate, do not support 
growth. 

Apparently, many strains are able to grow on 
inorganic nitrogen sources (NH/ or NO 3 ), but 
unequivocal data are often not available. Nitrate 
reduction to nitrite has only been detected in 
strains of the H. aurantiacus group and some 
of the Herpetosiphon-likQ sludge organisms 
(Senghas and Lingens, 1985; Lee et al. (manu- 
script in preparation)), but only under anaerobic 
conditions (i.e., in the absence of molecular oxy- 
gen), which did not allow growth. Nitrogen fixa- 
tion has been ruled out in all cases that have 
been investigated. 

Herpetosiphon may contain granules of poly- 
p-hydroxybutyrate and under certain conditions 
also of polyphosphate (Trick and Lingens, 1984; 
Senghas and Lingens, 1985; Lee et al. (manu- 
script in preparation)), but analytical details 
have not been given for a final chemical verifica- 
tion of this observation. 
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Many Herpetosiphon strains show impressive 
hydrolytic capabilities (e.g., of casein, cellulose, 
chitin, esculin, gelatin, pectin, starch, tributyrin 
and xylan; Lee et al. (manuscript in prepara- 
tion)), while some Herpetosiphon-likc sludge 
organisms (Trick et al, 1984; Senghas and Lin- 
gens, 1985) and sluice strains (Brauss et al, 1969) 
are less active in this respect. It should be under- 
stood that the results of those digestion experi- 
ments sometimes critically depend on the 
medium and the material used. In the case of 
pectin, a wide variety of preparations are avail- 
able that give quite different results. With pectin 
from apple (38% methyl ester), we found pectin 
degradation by some of the Herpetosiphon 
strains we tested. Cellulose digestion by differ- 
ent Herpetosiphon strains is often seen when 
using the quick agar test based on CELl agar 
(see below), on which large lysis zones are pro- 
duced within a few days, reaching far beyond the 
swarm colony. This suggests that cellulose 
decomposition by Herpetosiphon is achieved 
by diffusible exoenzymes (Lee et al. (manuscript 
in preparation)). However, only H. geysericola 
(ATCC 23076^), Hp al (DSM number in prepa- 
ration) and strain So97 (DSM 14854) decompose 
filter paper, but decomposition is usually slow 
(recognizable only after 20-30 days at 30°C on 
ST6 Agar; Lewin, 1970; Lee et al. (manuscript in 
preparation)). 

CELl Agar 

Cellulose powder 0.5% 

(NH4)2S04 0.1% 

Agar 1% 

Dissolve ingredients in distilled water, adjust to pH 7.2. 

After autoclaving, pour the medium as a thin layer on top 

of ST6 agar plates. A suitable cellulose powder, MN 300, 

is produced by Macherey and Nagel (Germany). 

ST6 Agar 



Part A 




(NH4)2S04 


0.1% 


MgS04 • 7 H 2 O 


0.1% 


CaCfi • 2H2O 


0.1% 


MnS 04 ' 2 H 2 O 


0.01% 


FeCfi • 6H2O 


0.02% 


Trace element solution 


1 ml/liter 



(same as for medium MDl) 

Ingredients of part A should be dissolved in one-third of 
the water (distilled) volume. Ingredients of part B should 
be dissolved in two-thirds of the water volume. 

PartB 

K2HPO4 0.1% 

Yeast extract 0.002% 

Agar 1% 

After autoclaving parts A and B separately, combine 
them and pour the mixture into plates. 

With many strains, we have also observed 
DNA hydrolysis on DNA agar, but in some stud- 



ies of Herpetosiphon-liko sludge organisms, tests 
for DNase were negative (Senghas and Lingens, 
1985). Not all strains show p-hemolysis of sheep 
and human erythrocytes (Graf and Perschmann, 
1970; Trick and Lingens, 1984; Lee et al. (manu- 
script in preparation)). 

Most investigators report that Herpetosiphon 
organisms lyse dead bacteria but also in a few 
cases live bacteria. However, not all types of bac- 
teria are equally sensitive. For instance, Quinn 
and Skermann (1980) have reported that some 
E. coli, as well as some Gram-positive strains 
{Bacillus subtilis, Lactobacillus casei and Strepto- 
coccus mutans), turned out to be particularly 
recalcitrant (Lee et al. (manuscript in prepara- 
tion)). Not all Herpetosiphon strains show iden- 
tical lysis patterns. The Herpetosiphon-like 
sludge organisms of Trick and Lingens (1984) 
and Senghas and Lingens (1985) do not lyse bac- 
teria at all; however, the Herpetosiphon auranti- 
acus type sludge organism FC16a (DSM number 
in preparation) of N. Lee et al. (manuscript in 
preparation) does lyse bacteria. The autoclaved 
yeast cells in VY/2 agar are often but not always 
destroyed. Other yeast species may also be lysed, 
such as Pichia stipitis or Candida albicans (Lee 
et al. (manuscript in preparation)). 

The H 2 S, indole and acetoin tests were nega- 
tive for all strains tested, whereas the phos- 
phatase and the urease tests were positive for 
some of the strains tested (Trick and Lingens, 
1984; Senghas and Lingens, 1985; Lee et al. 
(manuscript in preparation)). Tyrosine in 
tyrosine agar is often degraded. 

Tolerance Tests 

The Herpetosiphon-like sludge organisms toler- 
ate up to 2% NaCl, but most other Herpetosi- 
phon strains are rather sensitive to elevated salt 
concentrations; growth is rarely observed above 
1.5% NaCl. Optimum pH for all strains is around 
7; however, growth is tolerable in the pH range 
4-10. Optimum temperature for all Herpetosi- 
phon strains is 20-30°C, but growth is generally 
seen in the range 10-37°C. Herpetosiphon- 
like strains (e.g., Hp g207, DSM 15737) may grow 
at 45°C (Trick and Lingens, 1984; Senghas and 
Lingens, 1985; Lee et al. (manuscript in prepara- 
tion)). All Herpetosiphon strains investigated so 
far are resistant to high levels of kanamycin sul- 
fate (250 mg/liter). 

Molecular Characterization 

The G-fC content of the two Herpetosiphon spe- 
cies groups (aurantiacus and geysericola) is 48- 
53 mol%. However, as already mentioned in the 
introduction, the G-hC content of some Herpeto- 
siphon-\ikQ isolates, e.g., the strain of Senghas 
and Lingens (1985), and the strains Hp g6 DSM 
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15710, Hp gl6 DSM 15736 and Hp g207 DSM 
15737 is higher (59-75%), which suggests that at 
least some of these isolates may represent new 
genera among chloroflexi (Lee et al. (manuscript 
in preparation)). 

The unique multicopy single-stranded DNA 
(msDNA) common in gliding myxobacteria and 
also found in Flexihacter could not be demon- 
strated in Herpetosiphon (Dhundale et al, 1985). 
The base sequence of the 5S rRNA gene has only 
been determined for one of the Herpetosiphon- 
like sludge organisms (strain Wie 2; Van den 
Eynde et al., 1987). While this 5S rRNA gene 
sequence corresponds, in general, quite well with 
the model of eubacterial 5S rRNA structure, 
there are several deviations — in two cases in 
highly conserved sites not modified in any other 
eubacterium. The base sequence of the 16S 
rRNA gene has been determined for 15 different 
Herpetosiphon strains (Oyaizu et al., 1987; 
Bradford et al., 1996; Sly et al., 1998; Kohno 
et al., 2002; Lee et al. (manuscript in prepara- 
tion)). Comparative 16S rRNA gene sequence 
analyses confirmed that they all form a specific 
Herpetosiphon cluster within chloroflexi (see the 
section Taxonomy in this Chapter). 

Taxonomy 

The closest culturable relatives of Herpetosiphon 
are only distantly related to Herpetosiphon (e.g., 
Chloroflexus aurantiacus and Roseiflexus auran- 
tiacus, showing around 81-83% 16S rRNA gene 
similarity; Table 2). This has been deduced from 
different comparative 16S rRNA gene sequence 
studies, from analyses of oligonucleotide cata- 
logs via binary association coefficients (Sab 
values), through early oligonucleotide signatures 
(Gibson et al., 1985; Oyaizu et al., 1987) and 
from a recent comparison of the nearly full 16S 
rRNA gene sequence of around 15 different 
strains of Herpetosiphon (Lee et al. (manuscript 
in preparation)), as well as from comparative 
sequence analysis of elongation factor Tu and 
ATP-synthase beta-subunit genes (Ludwig et al., 
1993). Together with Anaerolinea gen. nov., 
Caldilinea gen. nov., Chloronema, Heliothrix, 
Roseiflexus, Oscillochloris, “the Eikelboom type 
1851 sludge strain” (Beer et al., 2002), and the 
Nostocoida limicola-like strains of Schade et al. 
(2002), they represent the few culturable organ- 
isms in chloroflexi (<10% of all submitted chlo- 
roflexi-affiliated sequences in general molecular 
databases, June, 2004). Interestingly, most of 
these culturable strains consist mainly of thermo- 
philic phototrophs {Chloroflexus, Chloronema, 
Heliothrix, Roseiflexus and Oscillochloris) or 
thermophilic organotrophs {Anaerolinea gen. 
nov. and Caldilinea gen. nov.). The only excep- 
tions are Herpetosiphon, the sludge strains 



Table 2. 16S rRNA gene sequence similarity values of Her- 
petosiphon strains and other culturable chloroflexi strains. 



Culturable chloroflexi strains 


Similarity to 16S 
rRNA gene'’ (%) 


H. aurantiacus strains (14 strains'’) 


97.8-99.5 


H. geysericola 


96.4 


Herpetosiphon-\ike strains (7 strains^ 


79-94 


Chloroflexus aurantiacus 


81.6 


Chloroflexus aggregans 


80.3 


Chloronema giganteum 


81.8 


Kouleothrix aurantiacus 


82.8 


Roseiflexus castenholzii 


82.6 


Oscillochloris trichoides 


82.8 


Eikelboom type 1851 Ben52 


81.3 



'‘The gene of H. aurantiacus ATCC 23779T 
^Hp g8 (DSM 6205), Hp glO (DSM 6207), HrsBendi 15 F018 
(Bradford et al., 1996), OSI-B2 (Kohno et al., 2002), FC16a 
(DSM number in preparation), Hp al (DSM number in prep- 
aration), Hp a2 (DSM 589), Hp g5 (DSM number in prepa- 
ration), Hp gl56 (DSM 15901X Hp gl58 (DSM 15902), Hp 
g254 (DSM 15903), Hp g269 (DSM 15712), Hp gill (DSM 
15713), and Hp g278 (15714). 

‘^Hp g6 (DSM 15710), Hp gl6 (DSM 15736), Hp g207 (DSM 
15737), Hp gl22 (DSM 15874), Hp gl24 (DSM 15875), Hp 
gl50 (DSM 15876), and Hp gl74 (DSM 1587). 

The data for H. geysericola are from Sly et al., 1998, whereas 
the rest of the data are preliminary and from N. Lee et al. 
(manuscript in preparation). 



Eikelboom type 1851, the Nostocoida limicola- 
like strains of Schade et al. (2002), and a few 
strains in different thermophilic genera that are 
mesophilic organotrophs. At the present stage, 
the Herpetosiphon strains represent the largest 
group of culturable, nonthermophilic, nonphoto- 
synthetic organisms among the chloroflexi. 

Since the discovery of the first Herpetosiphon 
strain in 1968 by Holt and Lewin, the genus Her- 
petosiphon is today still only represented by two 
rather similar species, H. aurantiacus and H. 
geysericola, and some Herpetosiphon-like sludge 
strains (Trick and Lingens, 1984; Senghas and 
Lingens, 1985; Bradford et al., 1996), whose 
genetic relatedness to Herpetosiphon can no 
more be determined since the strains are no 
longer existent. Thus, Herpetosiphon is the only 
genus in the family Herpetosiphonaceae in the 
second order of the class Chloroflexi, Herpetosi- 
phonales. As mentioned earlier (see the section 
Habitats in this Chapter), the three marine ‘‘Her- 
petosiphon'' strains, which were discovered by 
Lewin (1970), have recently been transferred 
to another phylum, Flexihacter-Bacteroides- 
Cytophaga (Sly et al., 1998). Since the discovery 
of the second culturable representative of the 
Class Chloroflexi, Chloroflexus aurantiacus 
(Pierson et al., 1974), a vast amount of as yet 
not cultivatable strains of c/z/orq^ex/-affiliated 
organisms have been detected (see, e.g., the 
review of Bjornsson et al., 2002). Only a few of 
these studies have reported any Herpetosiphon- 
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Table 3. Fatty acid composition, G+C content, 16S rRNA gene similarity and DNA-DNA similarity in different Herpetosi- 
phon and Herpetosiphon-liko, strains. 



Species groups of Herpetosiphon 


No. of strains 


FA" 


G+C mol% 


16S rRNA similarity*’ 
(%) 


DNA-DNA similarity*’ 
(%) 


H. aurantiacus'' ATCC 230779^ 


12 


I 


48.1-52.9 


97.8-99.5 


65.3-95 


H geysericola'' '^ ATCC 23076^ 
Herpetosiphon-like strains: 


1 


I 


51.8 


96.4 


67.8 


“Sludge strains”® 


3 


II 


59 


ND 


ND 


“Sludge strains”' 


5 


ND 


48.7-49.0 


ND 


ND 


“Soil strains”® 


10 


III 


62-75 


81-95 


<15 



Abbreviations: FA, fatty acid composition category; type strain; and ND, not determined, strains no longer available. 
""Each group (I to III) represent a unique composition; see Table 1. 

^To the type strain H. aurantiacus (ATCC 23779^). 

‘'N. Lee et al. (manuscript in preparation). 

‘'Sly et al. (1998). 

^Senghas and Lingens (1985). 

'Trick and Lingens (1984). 



like organisms, which suggests that the Herpeto- 
siphon group might represent a rather stagnant 
evolutionary group of organisms with a low 
diversity among the chloroflexi. However, recent 
studies by Lee et al. (manuscript in prepara- 
tion)) showed that the genetic diversity among 
the Herpetosiphon-liko strains is much larger 
than previously expected, differing up to 19% in 
16S rRNA gene sequence from the type strain of 
H. aurantiacus, which suggests that some of these 
strains represent novel genera among chlorof- 
lexi. Thus, the taxonomy of the phylum Chlorof- 
lexi and the order Herpetosiphonales may have 
to be re-evaluated in the future. Table 3 gives the 
distinguishing characteristics of the two recog- 
nized Herpetosiphon species and the Herpetosi- 
phon-\ikQ organisms. 

Summary of the Species Groups 
of Herpetosiphon 

H AURANTICUS. This species group, repre- 
sented by the type strain ATCC 23779^ and iso- 
lated by Lewin and Holt (1968), contains the 
largest number of strains (14, listed below). The 
G+C content is 48.1-52.9 mol%. 16S rRNA gene 
similarity to the type strain is between 97.8% and 
99.5% (Table 2). However, the DNA-DNA sim- 
ilarity to the type strain may vary from 65.3% to 
95% (Table 3). The fatty acid composition is sim- 
ilar in all strains (Table 1), but the strains may 
differ in some single phenotypical characteristics 
(Lee et al. (manuscript in preparation)). Strains 
have been isolated from freshwater lakes (Lake 
Constance, Germany: Hp g8 [DSM 6205], Hp glO 
[DSM 6207]; Graf et al., 1970; Lee et al. (manu- 
script in preparation)); from activated sludge in 
different parts of the world: HrsBendi 15 F018 
(Bradford et al., 1996), OSI-B2 (Kohno et al., 
2002), FC16a [DSM 15711] (Lee et al. (manu- 



script in preparation)); and from soil from differ- 
ent parts of the world: Hp al (DSM number in 
preparation), Hp a2 (DSM 589), Hp g5 (DSM 
number in preparation), Hp gl56 (DSM 15901), 
Hp gl58 (DSM 15902), Hp g254 (DSM 15903), 
Hp g269 (DSM 15712), Hp g277 (DSM 15713), 
Hp g 278 (DSM 15714) by H. Reichenbach and 
by Lee et al. (manuscript in preparation). 

H. GEYSERICOLA. This species is repre- 
sented by only one strain, the type strain H. gey- 
sericola, ATCC 23076^ (described by Lewin, 
1970). Originally it was suggested (Lewin, 1970) 
that H. geysericola is identical with Phormidium 
geysericola (Copeland, 1936), but this appears 
very unlikely, because Phormidium geysericola 
was found at the rim of a geyser and in 60-84°C 
water from various alkaline hot springs in 
Yellowstone. It thus is definitely a thermophile 
and would hardly grow at 30°C, as does H. gey- 
sericola. The validity of H. geysericola'^ species 
status has been discussed, since it shares several 
common phenotypical characteristics (excep- 
tions: urease reaction, nitrate reduction, and 
hydrolysis of cellulose filter paper), G+C con- 
tent, and fatty acid composition with the H. 
aurantiacus group (Reichenbach, 1992; Lee et al. 
(manuscript in preparation)). Recent studies 
have shown that the 16S rRNA similarity 
(96.4%; Sly et al., 1998; Table 2) and the DNA- 
DNA similarity (67.8%, Lee et al. (manuscript in 
preparation); Table 3) to H. aurantiacus is on the 
border of the present species definition (Stacke- 
brandt et al., 2002). Since the DNA similarity 
between some of H. aurantiacus strains may also 
range from 65.3% to 95% (Table 3), it is ques- 
tionable whether H. geysericola should remain a 
distinct species. The main difference between H. 
geysericola and all 14 H. aurantiacus strains is 
that H. geysericola was isolated from the vicinity 
of a hot spring and thus was defined as “thermo- 
philic,” although the proper characterization 
should be thermotolerant. However, thermotol- 
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erance is not unusual with aurantiacus strains, 
which may also grow at 38-40°C Lee et al. 
(manuscript in preparation). Further taxonomi- 
cal studies on H. geysericola (in particular inves- 
tigation of chemotaxonomical characteristics) 
and, if possible, on more geysericola-V[kQ strains 
retrieved from sites in and around hot springs 
will be needed to determine whether H. geyseri- 
cola should remain a separate species or be 
included in the H. aurantiacus group. Another 
theoretical possibility is also that some of the 
present strains within the H. aurantiacus group 
should be transferred to geysericola, although 
they were not isolated from sites in and around 
hot springs but from soil. The reason for this is 
that their DNA-DNA similarity values to the H. 
aurantiacus type strain approximates that of 
the present species definition (i.e., slightly below 
70% similarity). Further DNA-DNA similarity 
studies with these strains would be needed to 
clarify this question. 

Herpetosiphon-IAKE STRAINS. In the first 
attempt after isolation, several strains have been 
identified as Herpetosiphon-like, but further 
studies, in particular, utilizing molecular tech- 
niques (16S rRNA gene sequence analysis), have 
revealed that the diversity of Herpetosiphon-liko 
strains is much larger than expected. The 16S 
rRNA gene similarity between Herpetosiphon- 
like strains and H. aurantiacus (ATCC 23779^) is 
around 79-94%, and the G+C content is around 
62-75% (Lee et al. (manuscript in preparation); 
Table 3). Thus, these strains represent most likely 
new genera among the chloroflexi, e.g., the 
strains Hp g6 (DSM 15710), Hp gl6 (DSM 
15736), Hp g207 (DSM 15737), Hp gl22 (DSM 
15874), Hp gl24 (DSM 15875), Hp gl50 (DSM 
15876), and Hp gl74 (DSM 1587). All these 
strains have been isolated from soil Lee et al. 
(manuscript in preparation). The 16S rRNA 
genes of the Herpetosiphon-likc sludge organ- 
isms described by Trick and Lingens (1984) and 
Senghas and Lingens (1985) unfortunately can- 
not be sequenced, since these strains are no 
longer available. However, previous studies, 
based on analysis of oligonucleotide catalogs via 
binary association coefficients (Sab values), 
showed that the Herpetosiphon-like sludge 
organisms isolated by Senghas and Lingens 
(1985) are clearly related but not identical to 
Herpetosiphon (Sab values with Herpetosiphon: 
0.39, for Chlorojiexus: 0.40, and Herpetosiphon- 
Chloroflexus: 0.31). This is also indicated by the 
significantly higher G+C mol% value obtained 
for these organisms (Table 3). 

Microbial Ecology 

We know virtually nothing about the true distri- 
bution, dynamics and activity of Herpetosiphon 



in the environment, as well as about its interac- 
tions with other organisms, such as other bacteria 
or eukaryotic grazers. No reports on bacterioph- 
ages of Herpetosiphon have been published. All 
we know is that Herpetosiphon may be found in 
freshwater and sewage systems, in the vicinity of 
hot springs, as well as in diverse types of soil 
systems in different countries and islands in 
many parts of the world (Africa, America, 
Australia, Europe, India, Japan and Mexico). 
Our knowledge about the biogeography of 
Herpetosiphon is mainly based on isolation stud- 
ies or surveys using different chloroflexi specific 
probes detected by means of FISH (Bjornsson et 
al., 2002; Lee et al. (manuscript in preparation)). 
Only a few 16S rRNA clone library or denatur- 
ing gradient gel electrophoresis screening studies 
on the microbial community composition in 
freshwater lakes or sewage systems have 
reported Herpetosiphon-liko 16S rRNA genes 
(Gich et al., 2001; Kohno et al., 2002), despite the 
fact that a constantly increasing amount of novel, 
in most cases, chloroflexi-like sequences (from as 
yet noncultivable organisms, not related to Her- 
petosiphon) are being found in nearly all kinds 
of environments all over the world (e.g., Pierson 
et al., 1985; Giovannoni et al., 1996; Snaidr et al., 
1997; Chandler et al., 1998; Dojka et al., 1998; 
Hugentholtz et al., 1998a; Hugentholtz et al., 
1998b; Gordon et al., 2000; Sekiguchi et al., 2001; 
Alfreider et al., 2002; Bano and Hollibaugh, 
2002; Boomer et al., 2002; Dunbar et al., 2002; 
Furlong et al., 2002; Hentschel et al., 2002; 
Juretschko et al., 2002; Lee et al. (manuscript in 
preparation)). However, as pointed out earlier 
(in the section Habitats in this Chapter), this 
does still not provide the final evidence for the 
nonexistence of Herpetosiphon in any of these 
systems. It may be that search for Herpetosiphon 
is negatively biased in general molecular screen- 
ing studies (Lee et al. (manuscript in prepara- 
tion)), so that specific molecular markers for 
Herpetosiphon must be used to detect them. In 
those cases, where a large attempt has been 
undertaken to isolate bacteria from the environ- 
ment, none of the media used were optimal for 
the isolation of Herpetosiphon. 

Whereas virtually nothing is known about the 
abundance of Herpetosiphon in soil, some obser- 
vations, albeit contradictory, on the abundance 
of Herpetosiphon and other filamentous chlorof- 
lexi have been made in sewage plants using 
different chloroflexi-specific oligonucleotides in 
FISH (Fig. 7). Bjornsson et al. (2002) reported 
that the amount of chloroflexi filaments in sub- 
phylum III (to which Herpetosiphon is affiliated) 
was considerably higher than the amount of 
other chloroflexi filaments affiliated to other sub- 
phyla. N. Lee et al. (manuscript in preparation) 
found the contrary. Unfortunately, nothing is 
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Fig. 7. Image of fluorescence in situ 
hybridization using oligonucleotide 
probes targeting chloroflexi filaments 
on the phylum level (probe CFX1223 
in Cy3, red) and on the subphylum III 
level (to which Herpetosiphon be- 
longs, CFX784 probe in Cy5, blue) 
and Bacteria (EUB338, in FLUOS- 
Prime, green) in activated sludge 
(photo; N. Lee; for probe references, 
see Bjornsson et al., 2002). The 
purple-colored filaments are a result 
of overlapping Cy3 (red) and Cy5 
(blue) stained cells. Bar = 20 pm. 




known about the in situ abundance of Herpeto- 
siphon in other sewage systems where sequences 
of other culturable and as yet not cultivable chlo- 
roflexi strains have been obtained (e.g., Bradford 
et al, 1996; Beer et al, 2002; Juretschko et al, 
2002; Kohno et al, 2002; Onuki et al, 2002; 
Schade et al, 2002). In those cases where isola- 
tion attempts were undertaken, no media were 
used that were optimal for Herpetosiphon, 
and in those cases where FISH was used, no 
probes targeting specifically Herpetosiphon were 
applied, and so no definitive conclusions about 
their nonexistence in these systems can be 
drawn. Thus, the contradiction between the 
observations made by Bjornsson et al. (2002) and 
Lee et al. (manuscript in preparation) is most 
likely explained by the effect of unknown geo- 
graphical factors or operational differences 
between the different sewage systems. As long as 
nothing is known about the role of Herpetosi- 
phon in sewage systems and about whether sig- 
nificant physiological differences exist among 
these sewage Herpetosiphon strains, any attempt 
to explain the differences in abundance of Her- 
petosiphon will remain speculative. Considering 
the hydrolytic capabilities of Herpetosiphon, it 
may however be assumed that the bacterium 
participates in the degradation of macromole- 
cules and perhaps in the control of microbial 
populations in nature (Quinn and Skerman, 
1980; Lee et al. (manuscript in preparation)). 



Molecular Genetics 

Nothing is known about the genetics of Herpeto- 
siphon. Also, whether Herpetosiphon possesses 
mobile genetic elements or is able to acquire 
plasmids through lateral gene transfer is un- 
known. The genome of Herpetosiphon has not 
been sequenced, but the genome of its closest 
culturable relative, the photosynthetic Chlorof- 
lexus, is currently being sequenced in a vast 
program aimed at investigating the evolution 
and genetics of photosynthesizing prokaryotes 
(DOE Joint Genome Institute, United States 
Department of Energy). Future sequencing of 
the genome of Herpetosiphon might however 
yield interesting insights into the evolution of 
early life on earth and the divergence of the dif- 
ferent members among the present representa- 
tives in chlorofiexi. A possible case for lateral 
gene transfer in Chloroflexus has already been 
indicated by a comparative phylogenetic analysis 
of circadian clock genes in Archaea and Bacteria 
showing that these genes might have been later- 
ally transferred from cyanobacteria to different 
taxa (among them Chloroflexus) in Archaea and 
Bacteria (Dvornyk et al., 2003). 

Given the unique position of the phylum Chlo- 
roflexi, it is not unlikely that further studies on 
the molecular genetics and biochemistry of Her- 
petosiphon may reveal interesting facts. This has 
been shown to be the case in screening studies of 
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two different enzymes in some Herpetosiphon 
strains from the H. aurantiacus species group: 
the endoribonucleases (Haas and Brown, 1998) 
and the restriction endonucleases (Mayer and 
Reichenbach, 1978). The ribonuclease P has 
been sequenced for several classical phyla of 
Bacteria (encompassing 145 different strains, 
including three chloroflexi strains, Chloroflexus, 
Herpetosiphon and Thermomicrohium) for 
further evolutionary comparisons and revealed 
interesting insights into the structural evolution 
of the RNA molecule (Haas and Brown, 1998). 
A whole family of 17 restriction endonucleases 
has been more or less completely characterized 
with respect to their recognition and cleavage 
specificities (Brown et al., 1980; Kroger et al., 
1984; Dusterhoft et al., 1991). All appear to be 
class II endonucleases, producing cohesive ends, 
either in the 5'-strand or, in the cases of endonu- 
cleases Hgi Al and Hgi JII, in the 3'-strands, and 
seem to be located in the periplasm. Most of 
them interact with hexanucleotide sequences 
and some with pentanucleotide sequences, but 
virtually all recognition sequences are degener- 
ate. The availability of such a large family of 
endonucleases is of considerable theoretical 
interest because it allows a comparative study of 
the mechanisms of protein-DNA interaction as 
well as of molecular evolution. The known Her- 
petosiphon enzymes can be arranged in such a 
way that their recognition sequences overlap and 
the whole set thus becomes a continuous system 
(Kroger et al., 1984). One of the enzymes, Hgi 
Eli, has a unique recognition sequence of 2 x 3 
bases separated by 6 unspecified nucleotides. 
When the recognized bases are read in sequence, 
they give the recognition sequence of Hgi Cl, 
and it has been proposed that enzyme Hgi Eli 
originated by an inversion of the two enzyme 
subunits so that the recognition sites are now on 
the surface rather than in the center of the 
enzyme. Isoschizomeres can be found for almost 
all Herpetosiphon recognition sequences, e.g., 
Sal I enzyme is isoschizomere to Hgi CIII and 
Hgi DII. Interestingly, no hybridization was 
found between Sal I gene probes and Herpetosi- 
phon DNA, whereas two other producers of 
Sal I isoschizomeres, Rhodococcus rhodochrous 
and Xanthomonas amaranthicola, showed clear 
DNA similarity under stringent conditions 
(Rodicio and Chater, 1988 ). While this suggests 
that the latter organisms and Streptomyces albus 
G have at least partially homologous enzymes, 
the high G+C difference of 20 mol% between 
Herpetosiphon and Streptomyces could have 
obscured, through codon replacement, a struc- 
tural relationship between their enzymes. A 
comparison of the base sequences of the genes 
or of the amino acid sequences of the various 
enzymes should answer the question. 
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CHAPTER 11.1 

The Phylum Verrucomicrobia: A Phylogenetically 
Heterogeneous Bacterial Group 

HEINZ SCHLESNER, CHERYL JENKINS AND JAMES T. STALEY 



Introduction 

General Phylogeny and Taxonomy 

The Verrucomicrobia were proposed as a new 
division within the bacterial domain by Hedlund 
et al. (1997) and more recently ranked as a phy- 
lum (Garrity and Holt, 2001). They represent a 
distinct lineage within the phylogenetic trees and 
contain a number of environmental species as 
well as a small number of cultured species 
assigned to four genera (Table 1): Verrucomicro- 
hium (Fig. la, b), Prosthecohacter (Fig. 2), Opi- 
tutus and Victivallis. 

Verrucomicrobia have shown a moderate 
degree of relationship to the Planctomycetes and 
Chlamydiae, but the significance of the common 
branching is low and the relationships among the 
three phyla may change as additional species 
are characterized. The comparative phylogenetic 
analyses of members of the order Planctomyce- 
tales and the type strains of Verrucomicrohium 
spinosum and Prosthecohacter fusiformis, as well 
as Prosthecohacter sp. strain FC-2, did not indi- 
cate a statistically significant phylogenetic rela- 
tionship between the Planctomycetes and the 
Verrucomicrobia and further provided evidence 
that the Chlamydiae are no more related to both 
phyla than they are to members of other bacte- 
rial lineages. 

Knowledge of the phylum Verrucomicrobia is 
limited owing to the relatively few species that 
have been obtained in pure culture and charac- 
terized. However, through the application of 
molecular ecology techniques it has become 
apparent that the Verrucomicrobia are ubiqui- 
tous in a wide range of aquatic and terrestrial 
habitats. The phylogenetic tree based on 
sequence analyses of the 16S rDNA is dominated 
by sequences derived from the extraction of total 
DNA from various habitats. Hugenholtz et al. 
(1998a) recognized five subdivisions, of which 
three were characterized by clone sequences 
only. Since then the phylogenetic tree has been 
expanded to seven subdivisions, although only 
three contain validly described taxa (Fig. 3). 

The genera of the prosthecate bacteria 
Verrucomicrohium and Prosthecohacter are 



grouped in subdivision 1. Bacteria designated 
‘‘Candidatus Xiphinematobacter” are in subdivi- 
sion 2. These bacteria are obligate endosym- 
bionts of nematodes in the genus Xiphinema 
(Vandekerckhove et al., 2000). Another group of 
bacteria living in close connection to eukaryotes 
are the epixenosomes (Figs. 4 and 5), which are 
obligate ectosymbionts living on the dorsal sur- 
face of marine ciliates of the genus Euplotidium. 
They possess so-called “extrusomes,” harpoon- 
like organelles, and so provide their hosts with a 
weapon against predatory protozoa (Petroni et 
al., 2000; Chin et al., 20()1). The epixenosomes 
are members of subdivision 4 together with Opi- 
tutus terrae (Chin et al., 2001) and three strains 
of ultramicrobacteria with dwarf cells isolated 
from anoxic rice paddy soil. The latest described 
organism, Victivallis vadensis, is placed in subdi- 
vision 7. 

Only a few other strains have been isolated. 
Janssen et al. (2002) were able to cultivate strain 
Ellin 428 from Australian pasture soil (which 
could be grouped in subdivision 2), and Sakai 
et al. (2003) reported of a fucoidan-degrading 
marine bacterium (provisional name ‘‘Fucophi- 
lus fucoidanolyticuV) from the gut contents of 
the sea cucumber Stichopus japonicus. 

Ecology 

Verrucomicrobia were first observed in aquatic 
habitats (Henrici and Johnson, 1935) but are 
now known to exist in many other habitats, the 
majority of which are eutrophic or even heavily 
polluted (Table 2). They were found not only at 
moderate temperatures but also at cold tem- 
peratures in the deep sea and in Antarctica. A 
member of the Verrucomicrobia was also iden- 
tified from a hot spring (75-95°C). Several 
reports are of Verrucomicrobia from extreme 
environments such as sulfide-rich water and 
sediments and a soda lake. Interestingly, a 
member of the Verrucomicrobia was identified 
in the chitin tubes of the giant vent worm Riftia 
pachyptila, illustrating another connection 
between this group and thermal environments, 
such as the hydrothermal vent fauna of the 
deep sea. 
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Table 1. Characteristics differentiating the genera of the phylum Verrucomicrobia. 



Genus 


Habitat 


Cell morphology 


Color 


Motility 


Oxygen 

requirement 


G+C 

(mol%) 


References 


Verrucomicrobium 


Freshwater 


Rods with 
numerous 
fimbrated 
prosthecae 


Light yellow 




Aerobic and 
fermentative 


59 


Schlesner, 1987 


Prosthecobacter 


Freshwater; 
Raw sewage 


Fusiform shaped 
cells with 1 
polar prostheca 


White or 
yellow 




Obligate aerobe 


54-60 


Staley et al., 
1976 


Opitutus 


Rice paddy soil 


Coccoid dwarf cells 
(0.4-0.6/rm) 


Colorless 


-1- 


Obligate anaerobe, 
fermentative 


74 


Chin et al., 2001 


Victivallis 


Human fecal 
sample 


Coccoid, 
0.5-1. 3 ;Um 


Colorless 


- 


Obligate anaerobe, 
fermentative 


59 


Zoetendal et al., 
2003 


“ Candidatus 
Xiphinematobacter” 


Ectosymbionts 
in nematodes 


Rod-shaped, 
0.7-1.0 
X 2.1-3.2^m 


ND 


ND 


ND 


ND 


Vandekerckhove 
et al., 2000 



Symbols: +, present; - absent; and ND, no data. 




b 



Fig. 1. Morphology of Verrucomicrobium spinosum. a) Cells with wart-like prosthecae (wp), from the tips of which fimbriae 
(fi) extend, b) A cell with a polarly inserted tube-like prostheca (tp). 





Fig. 2. Phase contrast micrograph of Prosthecobacter 
dejongeii. 
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100 I — “Xiphinematobacter amenricani” 

^ — “Xiphinema tobacter riversi” 

“Xiphinematobacter brevicoiii” 

- Contaminated aquifer clone WCHD3-88 



89 L 



46 

100 
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Freshwater clone LD29 

Soil clone DAI 01 

Prosthecobacter fusiformis 
Prosthecobacter dejonqeii 
— Prosthecobacter debontii 
- Prosthecobacter vanneervenii 
— Verrucomicrobium spinosum 
Freshwater clone LD19 
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98 I 



Hot springs clone OPB35 
Ultramicrobacteria strain VeCbl 
Ultramicrobacteria strain VeGlc2 
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Ultramicrobacteria strain VeSm 13 

E. arenarium, epixenosome 

Rumen clone RCRFP12 
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Contaminated aquifer clone WCHB 1-25 

Contaminated aquifer WCHB 1-41 



loor 
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Victivaiiis vadensis strain Cello 

- Anaerobic digester clone vadin BE97 
Chlamydia trachomatis 



Subdivision 2 
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Fig. 3. Phylogenetic tree of the 16S rRNA genes of members of the seven subdivisions of the Verrucomicrobia. The tree was 
constructed using the DNAdist and Neighbor programs in PHYLIP. The scale bar indicates 0.05 nucleotide substitutions per 
site. 



Fig. 4. Transmission electron micrograph of a thin section of 
a stage II epixenosome displaying the ribbon-like extrusive 
apparatus and surrounding microtubule-like structures. 





Fig. 5. Scanning electron micrograph of an epixenosome following extrusion of its harpoon-like structure. 
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Source Sequence accession nos. References 



Terrestrial 

Pasture soil, Ellinbank, (Victoria, Australia) 

Forest soil (Australia) 

Soil of soy bean field (Japan) 

Agricultural soil (Washington, United States) 

Peat sample (Germany) 

Mature and forest soil (Amazonia) 

Grassland soil (The Netherlands) 

Soil of grass pasture (Scotland) 

Anoxic rice paddy soil (laboratory experiment) 

Marine 

Sediment from Sagami Bay (Japan) 

Mesocosms experiment retrieved from Gulf of Lyon 
(Mediterranean Sea) 

Sulfide-rich mud 

Brackish habitat (East San Francisco Bay) 

Hypersaline marsh (South San Francisco Bay) 

Arctic Ocean, depth 55 m 
Arctic Ocean, depth 131m 

Anoxic zone of the Cariaco Basin, water depth 500m 
(Northern coast of Venezuela) 

Anoxic marine sediment. Loch Duich (Scotland) 

Freshwater 

Lake in Adirondack range (New York, United States) 
Sediment of Caroline Bay (South Carolina, United States) 
Hot spring (Obsidian Pool, Yellowstone, United States) 
Aquifer contaminated with hydrocarbons and chlorinated 
solvents (Michigan, United States) 

Lake Loosdrecht (The Netherlands) 

Columbia River (United States) 

Aquifer contaminated with livestock wastewater (Korea) 
Moated region of Lake Fryxell (Antarctica) 

Humic Lake Fuchskuhle (Germany) 

Other sources 

Activated sludge from an industrial sewage treatment plant 
(Germany) 

Sulfide-rich spring, north of Zodletone Mountain 
(Oklahoma, United States) 

Cryoconite hole in Canada Glacier, McMurdo (Antarctica) 
Soda lake: Mono Lake (California, United States) 

23 m (top of chemocline) 

35 m (monimolimnion) 

Organism-associated 
Human gut 

Chitin tube of Riftia pachyptila 

Mouse gastrointestinal microflora, large intestine 



AJ132479 


O’Farrell and Janssen, 1999 


X64382 


Liesack and Stackebrandt, 1992 


D26194 


Ueda et al., 1995 


U51864 


Lee et al., 1996 


X97110 


Rheims et al., 1996 


U68592 


Bomemann and Triplett, 1997 


Y07576 


Felske and Akkermans, 1998 


AF078263 


McCaig et al., 1999 


AJ229212 


Hengstmann et al., 1999 


AB02267 


Urakawa et al., 1999 


AJ240909 


Schafer et al., 2000 




Tanner et al., 2000 


AF211330 




AF211331 




AY08220 


Bano and Hollibaugh, 2002 


AY08221 




AF224823 


Madrid et al., 2001 


AY114321 


Freitag and Prosser, 2003 


U58170 


Hioms et al., 1997 


U62825 


Wise et al., 1997 


AF027005 


Hugenholtz et al., 1998b 


AF050557 


Dojka et al., 1998 


AF009974 


Zwart et al., 1998 


AF141385 


Crump et al., 1999 


AF175648 


Cho and Kim, 2000 


AJ287649 


Brambilla et al., 2001 


AF009975 


Glockner et al., 2002 


AF234742 


Juretschko et al., 2002 


AY327234 


Elshahed et al., 2003 


AY124349 


Christner et al., 2003 




Humayoun et al., 2003 


AF507902 




AF507901 




AF132232 


Suau et al., 1999 


AF449255 


Lopez-Garcia, 2002 


AJ400275 


Salzman et al., 2002 



Molecular Ecology Studies 

Since novel groups of bacteria were first revealed 
by analysis of genetic material obtained from for- 
est soil (Liesack and Stackebrandt, 1992), a large 
number of sequences of 16S rDNA have been 
obtained from a variety of sources (Table 2). 
Another method that enables the study of bac- 
terial communities in the environment is fluores- 
cence in situ hybridization (FISH), which entails 
the application of appropriate fiuorescence- 
labeled gene probes. With this method Raven- 



schlag et al. (1999) identified members of the 
Verrucomicrobia in permanently cold sediment 
in the Arctic Ocean off the coast of Spitsbergen, 
Norway. Since these probes bind to ribosomal 
RNA, only physiologically active cells are 
detected. Because the DNA is much more stable 
even after the death of the cell, it is not easy to 
prove the activity of cells in a biotope at the time 
of sampling. Similarly, Gremion et al. (2003) 
identified in heavy metal-contaminated bulk and 
rhizosphere soil clones belonging to the phyla 
Verrucomicrobia, Firmicutes, and Cytophaga- 



CHAPTER 11.1 



The Phylum Verrucomicrobia 885 



Flavobacterium-Bacterioides (but only in rDNA 
clone libraries, not in rRNA libraries originating 
from the same samples). On this basis, they con- 
cluded that these bacteria might not represent 
active constituents in their samples. 

Morphology and Physiology 

The isolated members of the phylum Verru- 
comicrobia are Gram-negative bacteria with a 
coccoid or rod-shaped morphology. Cells in the 
genera Verrucomicrohium and Prosthecohacter 
are prosthecate (Figs. 1 and 2; Table 1). Multipli- 
cation occurs by binary fission or unequal cell 
division (e.g., in Verrucomicrohium). 

The most discriminating physiological charac- 
ter of the genera is the oxygen requirement. 
Organisms are strict aerobes, facultative anaer- 
obes, or strict anaerobes (Table 1). The carbon 
and energy sources are mainly carbohydrates as 
sugars. Opitutus terrae strain ACB hydrolyzes 
cellulose and “Fucophilus fucoidanolyticus” 
degrades fucoidan, a mixture of sulfated fucose- 
containing polysaccharides, which are compo- 
nents of many seaweeds. 

Genus Verrucomicrobium 

Introduction 

Bacteria with multiple prosthecae are grouped in 
different phyla: the phototrophic Ancalochloris 
(Gorlenko and Lebedeva, 1971) and Prostheco- 
chloris (Gorlenko, 1970) are members of the 
phylum Chlorobi (Garrity and Holt, 2001), while 
the heterotrophic bacteria Ancalomicrobium, 
Prosthecomicrohium (Staley, 1968) and Stella 
(Vasilyeva, 1985) are Proteohacteria (Garrity 
and Holt, 2001). 

New isolates of heterotrophic bacteria with 
bundles of fimbriae extending from the tips of 
the prosthecae were described as Verruco- 
microhium spinosum (Schlesner, 1987; 
Schlesner, 1992). 

Phylogeny 

Oligonucleotide cataloguing and reverse tran- 
scriptase sequencing of 16S rRNA (Albrecht et 
al., 1987) as well as sequencing of the 5S rRNA 
(Bomar and Stackebrandt, 1987) indicated that 
V spinosum is a representative of a novel 
phylum. This finding was supported by the 16S 
rDNA sequence (Ward-Rainey et al., 1995). 

Taxonomy 

Verrucomicrohium spinosum is the only species 
of the genus Verrucomicrohium. 



Habitat 

Prosthecate bacteria with fimbriae extending 
from the tips of prosthecae have rarely been 
observed. Such bacteria occurred in an enrich- 
ment culture of Lake PluBsee water to which 
vitamin solution no. 6 (see below) was added (P. 
Hirsch, personal communication). Lake PluBsee 
is a small eutrophic lake near Plon, Holstein, 
Germany. The type strain of V. spinosum was 
isolated from Lake Vollstedter See (Holstein, 
Germany), a shallow (max. depth 2 m) eutrophic 
lake. Another strain came from the “Schreven- 
parkteich,” a pond in a public park in Kiel, 
Germany. This pond was very eutrophic because 
flocks of water fowl lived there and were fed by 
visitors to the park. 



Isolation 

Verrucomicrobium spp. can be enriched in Erlen- 
meyer flasks with 50 ml of enrichment medium 
over a sediment of CaCOs. 

Verrucomicrohium Enrichment Medium 



A-Acetylglucosamine 1.0 g 

Hutner’s basal salts 20 ml 

Vitamin solution no. 6 10 ml 

Distilled water 1 liter 



Combine ingredients, dilute to 1 liter with distilled water, 
and adjust pH to 9.7. Autoclave, cool to room tempera- 
ture, then add NaH 2 P 04 • H 2 O aseptically to give a con- 
centration of 0.65 mmol/liter. 

Hutner’s Basal Salts (Cohen-Bazire, 1957) 



Nitrilotriacetate (NTA) 10.00 g 

MgS04 • 7 H 2 O 29.70 g 

CaCfi • 2 H 2 O 3.34 g 

NaMo04 • 2 H 2 O 12.67 g 

FeS 04 ' 7 H 2 O 99.00 mg 

Metal salt solution “44” 50.00 ml 

Double distilled water 900.00 ml 



Dissolve the NTA first by neutralization with KOH. Add 
the other salts. Adjust pH to 7.2 with KOH or H 2 SO 4 . 
Adjust volume to 1000 ml with double distilled water. 
Store cold (5°C) and clean. The solution is clear. 

Metal Salts Solution “44” 

Ethylene diaminotetraacetate (EDTA) 250.0 mg 



ZnS 04 ' 7 H 2 O 1095.0 mg 

FeS 04 ' 7 H 2 O 500.0 mg 

MnS 04 • H 2 O 154.0 mg 

CUSO 4 ' 5 H 2 O 39.2 mg 

C 0 CI 2 • 6 H 2 O 20.3 mg 

Na 2 B 407 • IOH 2 O 17.7 mg 

Double distilled water 1000.0 ml 



Add a few drops of H 2 SO 4 to retard precipitation before 
diluting to volume. Store cold (5°C). 
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Vitamin Solution No. 6 (Staley, 1968) 



Biotin 


4.0 mg 


Pyridoxine hydrochloride 


20.0 mg 


Thiamine hydrochloride 


10.0 mg 


Ca-pantothenate 


10.0 mg 


p-Aminobenzoic acid 


10.0 mg 


Folic acid 


4.0 mg 


Riboflavin 


10.0 mg 


Nicotinamide or nicotinic acid 


10.0 mg 


Vitamin B 12 


0.2 mg 


Double distilled water 


1000 ml 


Stir the mixture to improve dissolution. Sterilize by filtra- 
tion only. Store dark and cold (5°C). 


When subsequent microscopic checks indicate 
an increase in prosthecate bacteria, streak onto 
agar-solidified medium M 13 (Schlesner, 1986): 


M 13 




Peptone 


0.25 g 


Yeast extract 


0.25 g 


Glucose 


0.25 g 


Hutner’s basal salts 


20 ml 


Vitamin solution no. 6 


10 ml 


Buffer (0.1 M Tris/HCl, pH 7.5) 


50 ml 


Artificial seawater 


250 ml 


Distilled water 


670 ml 



Artificial Sea Water (Lyman and Fleming, 1940) 



NaCl 


23.477 g 


MgCh 


4.981 g 


Na 2 S 04 


3.917 g 


CaCb 


1.102 g 


KCl 


0.664 g 


NaHCOs 


0.192 g 


KBr 


0.096 g 


H 3 BO 3 


0.026 g 


SrCh 


0.024 g 


NaF 


0.003 g 


Upcoming 


colonies have to be examined 



microscopically for prosthecate cells. This is 
conveniently done by applying the time-saving 
toothpick-procedure (Hirsch et al, 1977) which 
even allows the examination of very small colo- 
nies: A sterile wooden toothpick is dipped onto 
a colony and then on the agar surface of a Petri 
dish containing the appropriate medium, thus 
inoculating the agar. To allow inoculation of a 
single Petri dish with bacteria from a large num- 
ber of colonies, a grid can be drawn with a 
marker on the backside of the Petri dish with 
areas of about 5x5 mm. After inoculation of the 
agar medium the toothpick generally contains 
enough bacteria to prepare a smear for micro- 
scopic examination. Three specimens can be 
placed on one slide. 

Identification 

When studied with a phase contrast microscope, 
Verrucomicrohium spp. resemble Prosthecomi- 
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crobium spp., i.e., the unicellular organisms have 
conical prosthecae extending in all directions 
from the cell surface. These prosthecae are about 
0.5 pm long (Fig. la). Occasionally, one or two 
longer prosthecae (up to 2 pm) may occur, and 
often one of them is polar ly inserted (Fig. lb). 
Under the electron microscope, bundles of fim- 
briae of varying number and length protruding 
from the tips of the prosthecae are detected. The 
Gram-negative cells are nonmotile. Colonies on 
medium M 13 are light yellow. Growth of V. spi- 
nosum is optimal between 26°C and 33°C, and 
the maximum growth temperature is 34°C. The 
organism is stenohaline (i.e., able to tolerate 
50% artificial seawater or 1% NaCl). The cell 
wall contains m-diaminopimelic acid. The main 
respiratory quinone is MKIO (a menaquinone 
with 10 isoprenoid units); MK9, MK10(H2), and 
MKll are minor quinones. Characteristic fatty 
acids are nl4/15:ldll and nl6/17:ld5 (Sittig and 
Schlesner, 1993). The following phospholipids 
were identified: phosphatidylglycerol and phos- 
phatidylmethylethanolamine as major compo- 
nents, biphosphatidylglycerol in less amounts, 
and phosphatidylethanolamine and phosphati- 
dylcholine only in traces. Phosphatidyldimethyl- 
ethanolamine was not detected (Sittig and 
Schlesner, 1993). The DNA base composition is 
58.6 ± 0.2 mol% G+C (T J for strain IFAM 1439^ 
= DSM 4136 T = ATCC 43997^. The presence of 
dnaK (HSP70) multigene family was reported 
(Ward-Rainey et al., 1997). 



Cultivation 

The strains are growing aerobically with medium 
M 13 at a temperature of 30°C. Liquid cultures 
can be shaken. 



Preservation 

The strains can be kept on agar slants at 4-6° C 
for several months. For long term preservation, 
lyophilization or storage in liquid nitrogen is 
recommended. Deep freezing at -70°C with 50% 
glycerol is also possible. 



Physiology 

Verrucomicrohium spinosum is a facultative 
anaerobe. Various sugars are fermented without 
gas formation, but nitrate is not reduced under 
anaerobic conditions. 

Only a limited number of substrates can be 
utilized as sole carbon and energy source, mainly 
hexoses, di- or trisaccharides or derivatives of 
glucose. Cl- or C 2 -compounds are not utilized. 
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nor are fatty acids or amino acids (Schlesner, 
1987). Carbon sources include: maltose, man- 
nose, melibiose, melizitose, rhamnose, raffinose, 
trehalose, cellobiose, fructose, galactose, glucose, 
lactose, xylose, sucrose, A/^-acetylglucosamine, 
glucuronate, amygdalin, salicin, esculin and 
glycerol. Carbon sources not utilized are: D- 
arabinose, L-arabinose, sorbose, inulin, lyxose, 
fucose, ribose, methanol, ethanol, mannitol, 
sorbitol, inositol, acetate, adipate, butyrate, 
caproate, 2-oxoglutarate, pyruvate, succinate, 
valerate, formate, p-hydroxybutyrate, lactate, 
malate, propionate, aspartate, aspartic acid, 
glutamine, glutamic acid, histidine, proline, 
serine and threonine. The following carbohy- 
drates could be utilized fermentatively (acid, but 
no gas formation): glucose, lactose, sucrose, mal- 
tose, mannose, melibiose, rhamnose, trehalose, 
cellobiose, fructose, galactose, xylose, and N- 
acetylglucosamine. Ammonia, urea, nitrate, and 
A-acetylglucosamine are suitable nitrogen 
sources. Verrucomicrohium spinosum produces 
exoenzymes which can be demonstrated by the 
hydrolysis of gelatin and starch. However, casein 
or Tween 80 is not hydrolyzed. Catalase, cyto- 
chromoxidase, phosphatase, and urease are 
produced. H 2 S from thiosulfate or NH3 from 
peptone is not produced. 



Genus Prosthecobacter 

Introduction 

The genus Prosthecobacter contains nonmotile 
fusiform-shaped bacteria (Fig. 2). Since the pre- 
vious edition of The Prokaryotes (Staley, 1992) 
and Ber gey’s Manual of Systematic Bacteriology 
(Poindexter and Staley, 1989), much has been 
learned about the phylogenetic diversity of these 
bacteria and their position as members of 
the phylum Verrucomicrobia in the Tree of Life 
(Hedlund et al., 1996). 

Prosthecobacter was first reported and photo- 
graphed by Henrici and Johnson (1935) attached 
to glass slides that had been submerged and incu- 
bated in situ in lakes. However, pure culture iso- 
lates were not reported until 1970 (DeBont et al., 
1970). Strains were subsequently isolated from 
ponds, lakes and raw sewage (Staley et al., 1976). 
Similar organisms have also been observed in sea 
ice samples from Antarctica (Sullivan and 
Palmisano, 1984) but, to our knowledge, none 
yet has been cultivated. Cells undergoing 
division elongate and differentiate to produce a 
second prostheca at the dividing pole. Typically 
at the time of cell division, the two daughter cells 
are mirror images of one another. 



Phylogeny 

On the basis of 16S rDNA sequence analyses, the 
genus Prosthecobacter belongs to the same 
subgroup of the Verrucomicrobia as the genus 
Verrucomicrobium (Fig. 3). These two genera 
resemble one another in that they are both 
aerobic, prosthecate bacteria. In contrast to 
Verrucomicrobium spinosum, which has several 
prosthecae per cell, Prosthecobacter has only a 
single polar prostheca. 

Prosthecobacter is the only genus among the 
Bacteria or Archaea so far known to contain the 
genes btuba and btubb, which are homologs for 
a- and p-tubulin genes, respectively (Jenkins 
et al., 2002). Reverse transcriptase polymerase 
chain reaction (RT-PCR) results indicate that the 
genes are expressed, but the proteins have not as 
yet been identified in cells. The evolution of these 
genes is poorly understood and the topic of 
ongoing investigation. Likewise, their function 
has not yet been studied. 

Taxonomy 

Four strains, each representing a separate spe- 
cies, have been cultivated. In terms of their 16S 
rDNA sequences, the four strains are sufficiently 
different from one another that they comprise 
different species (Hedlund et al., 1997). Prosthe- 
cobacter fusiformis FC4^ is the type strain and 
species for the genus. The other species are P 
vanneervenii strain FC2, P. debontii FC3 and P. 
dejongeii FCl. 

Habitat 

Prosthecobacter spp. have been isolated from 
ponds in Michigan and Washington states as well 
as a lake and raw sewage (North Carolina in the 
United States), indicating they are widespread 
and likely common freshwater organisms. Elec- 
tron micrographs of water samples from Lake 
Washington indicate that they are commonly 
found attached to other organisms including 
diatoms. 

Marine organisms resembling Prosthecobacter 
species have also been reported from sea ice 
communities (Sullivan and Palmisano, 1984; 
J. T. Staley, unpublished observation), but to our 
knowledge, strains have not yet been isolated in 
pure culture. 

Isolation 

Dilute peptone enrichment cultures have been 
used to isolate Prosthecobacter strains. These are 
typically set up in sterilized 150-ml beakers cov- 
ered with aluminum foil lids. The beakers are 
inoculated with 100 ml of water from the site of 
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interest and an autoclaved solution of Bacto- 
Peptone is added to provide a final concentration 
of 0.01% (w/v). The enrichment cultures are 
incubated at room temperature for one to two 
weeks and observed by phase microscopy peri- 
odically to determine if fusiform cell shapes typ- 
ical of the genus are present. If positive, the 
material is streaked onto Dilute Peptone Agar 
(see the chapter The Genera Prosthecomicro- 
bium, Ancalomicrobium, Stella and Blastobacter 
in Volume 5) plates. Following incubation, wet 
mounts are made of small white to yellow colo- 
nies, which should be examined using the 
microscope to determine whether they have the 
characteristic morphology of the organism. They 
can be readily distinguished from Caulohacter 
cells because they are nonmotile and have a 
wider prostheca with a distinctly bulbous tip. 
Furthermore, prior to cell division, a prostheca 
can been seen to extend from the pole of each 
cell undergoing division, making the dividing 
cells symmetrical at this stage, unlike that of 
dividing Caulohacter spp. Appropriate colonies 
or wet mount preparations are restreaked until 
a pure culture is achieved. 

For routine maintenance, Prosthecohacter spp. 
can be grown on MMB medium (see the chapter 
The Genera Prosthecomicrohium, Ancalomicro- 
bium, Stella, and Blastobacter in the second edi- 
tion). Slant cultures can be maintained in the 
refrigerator for about one month, and lyo- 
philization or deep freezing can be used for 
longer storage. 

Identification 

The four different species can be differentiated 
from one another by phenotypic tests (Table 3). 
In addition, their 16S rDNA sequences are suffi- 
ciently different to possibly be of use in distin- 
guishing novel strains. 

Morphology 

Morphologically the cells are about 0.5-1. 0 pm 
in diameter and 3-10 pm in length. Cells may be 



straight to curved, fusiform shapes. The cells may 
aggregate to form small rosettes in pure culture. 
The tip of the prostheca is bulbous and the pros- 
theca diameter is about 0.2 pm, somewhat wider 
than those of Caulohacter and Asticacaulis . Also, 
the Prosthecohacter prostheca has crossbands 
unlike those of Caulohacter and Asticacaulis. 

Nutrition 

A variety of mono- and disaccharides are used 
as sole carbon sources for growth and are helpful 
in distinguishing known species (Table 3). 

Genus Opitutus and 
the Ultramicrobacteria 

The recently named genus, Opitutus, has at least 
three strains (PB90-1^, PB90-3 and ACB90) of 
obligately anaerobic bacteria isolated from rice 
paddy soil (Chin et al., 2001). Also isolated from 
this habitat are three strains of “ultramicrobac- 
teria” (strains VeCbl, VeGlc2 and VeSml3), 
anaerobic dwarf cells with cell volumes of 0.03- 
0.04 pm^ (Janssen et al., 1997). Unlike members 
of the genera Verrucomicrohium and Prostheco- 
bacter, Opitutus and the ultramicrobacteria are 
non-prosthecate. 

Phylogeny 

Both the genus Opitutus and the ultramicrobac- 
teria belong to subdivision 4 of the Verrucomi- 
crobia, as proposed by Hugenholtz et al. (1998a). 
Of all the Verrucomicrobia strains isolated in 
pure culture, members of the genus Opitutus are 
most closely related to the ultramicrobacteria. 
Opitutus and ultramicrobacteria strains share 
96-97% 16S rDNA sequence similarity, and thus 
they may be sufficiently similar to be considered 
members of the same genus. Phylogenetic trees 
based on partial (-275 bp) 16S rDNA sequences 
indicate that the ultramicrobacteria are also 



Table 3. Differentiation 


among Prosthecohacter 


species. 






Property 


R fusiformis 


R dejongeii 


P. vanneervenii 


P. debontii 


Strain number 


FC4 


FCl 


FC2 


FC3 


Cell shape 
Source 


Straight, long cells 
Marl pond, Michigan 


Straight, wide cells 
Raw sewage. North 
Carolina 


Straight, long cells 
University Lake, North 
Carolina 


Curved cells 

Pond, Washington State 


Carbon source utilization^ 








D-Ribose 


- 


+ 


+ 


+ 


D-Arabinose 


+ 


- 


- 


+ 


D-Fructose 


- 


- 


+ 


+ 


D-Raffinose 


- 


- 


+ 


- 


Glycogen 

A-Acetylglucosamine 


_ 


+ 

+ 


+ 

+ 


+ 



"“Sole carbon source utilization data from Hedlund et al. (1997). 
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closely related to the soybean soil clone, pad7 
(Janssen et al, 1997). 

Also in subdivision 4 of the Verrucomicrobia 
are ectosymbionts of ciliated protozoa termed 
“epixenosomes” (Petroni et al, 2000; Chin et al, 
2001). The epixenosomes of the ciliate hypotrich, 
Euplotidium arenarium, share 83% sequence 
similarity with Opitutus strains. 



Taxonomy 

The genus Opitutus is currently represented by a 
single species, Opitutus terrae. The three strains 
of O. terrae (PB90-1^, PB90-3 and ACB90) con- 
tain identical 16S rDNA sequences. PB90-1 ^ is 
the type strain of O. terrae. 

Given the level of 16S rDNA sequence simi- 
larity between O. terrae and the ultramicrobac- 
teria, it is likely that the ultramicrobacteria are 
also members of the genus Opitutus but may 
represent separate species. 



Habitat 

All strains of O. terrae and ultramicrobacteria in 
pure culture were isolated from anoxic (flooded) 
rice paddy soil microcosms where they appear to 
be relatively abundant. In the environment from 
which they were isolated, Opitutus spp. were 
found to comprise a signiflcant proportion of the 
population (5%) of polysaccharolytic or saccha- 
rolytic fermenting bacteria (Chin et al., 1999). 
Furthermore, the discovery of 16S rDNA 
sequences of related organisms in clone libraries 
constructed from soybean field soil and peat bog 
soil (Rheims et al., 1996a) suggests that these 
organisms may be widespread in anoxic terres- 
trial environments. 



Isolation 

Both members of the genus Opitutus and the 
ultramicrobacteria can be isolated using liquid 
serial dilution culture (most probable number 
[MPN]) techniques. Rice plants {Oryzae sativa, 
var. Roma, type japonica) are grown in the lab- 
oratory using flooded soil obtained from wetland 
rice fields. Rice plants should be grown for 90 
days before the soil is sampled. Soil samples are 
taken using a coring device to a depth of approx- 
imately 15 cm. Only the lower 10-cm portion of 
the soil core is used as inoculum. MPN tubes 
containing sulfide-reduced, bicarbonate buffered 
medium (SM) supplemented with pectin or 
amorphous cellulose as carbon source are used 
for the isolation of Opitutus strains. Dilute 
medium can be used for the isolation of 
ultramicrobacteria. 



SM Medium 



Mineral Salts Solution 




NaCl 


1.0 g 


MgCb • 6H2O 


0.40 g 


NH 4 CI 


0.10 g 


KH2PO4 


0.20 g 


CaCh • 2H2O 


0.10 g 


KCl 


0.50 g 


Distilled water 


1 liter 


Dissolve ingredients 


and dilute up to 1 liter 



with distilled water. Autoclave the mineral salts 
solution at 121°C for 45 min and cool under a 
headspace of N 2 /CO 2 (80:20 [vol/vol]). Supple- 
ment the medium with 30 mL of 1 M sodium 
bicarbonate solution, which has been autoclaved 
under a headspace of CO 2 , 3 ml of 0.5 M Na 2 S 
(autoclaved under N 2 ), and 1 ml of each vitamin 
solution. Adjust the medium to pH 1.2-1. 3 and 
dispense into either sterile screw capped bottles 
or serum bottles. Add carbon sources (such as 
pectin or amorphous cellulose). If the medium is 
to be dispensed into MPN tubes, gas the head- 
space with N 2 /CO 2 and add sodium dithionate to 
a final concentration of 100 pM. 



Vitamin Solution 1 

4-Aminobenzoic acid 40 mg 

D(+)-Biotin 10 mg 

Calcium D(+) -pantothenate 100 mg 

Nicotinic acid 50 mg 

Pyridoxine hydrochloride 100 mg 

Folic acid 30 mg 

DL-fl-Lipoic acid 10 mg 



Sodium phosphate buffer (50 mM, pH 7.1) 1 liter 

Dissolve ingredients and dilute in sodium phosphate 
buffer up to a 1 liter. Dissolve the vitamins in sodium 
phosphate buffer and filter sterilize. 

Vitamin Solution 2 

Cyanocobalamin 50 mg 

Distilled water 1 liter 

Dissolve cyanocobalamin and dilute up to 1 liter with 
distilled water. Filter sterilize this solution. 

Vitamin Solution 3 

Thiamine chloride dihydrochloride 10 mg 

Dissolve vitamin powder in 100 ml of 25 mM sodium 
phosphate buffer (pH 3.4) and filter sterilize. 

Trace Element Solution 



HCl (2M) 50 ml 

FeCh X 4H2O 1000 mg 

C0CI2 • 6 H 2 O 130 mg 

MnCh • 2H2O 80 mg 

ZnCh 70 mg 

H 3 BO 3 6 mg 

Na2Mo04 • 2H2O 36 mg 

MCI2 • 6 H 2 O 24 mg 

CuCh • 2H2O 2 mg 

Distilled water 1 liter 



Dissolve the FeCh • 4 H 2 O in the HCl, then add the dis- 
tilled water and the rest of the components up to a total 
of 1 liter. Autoclave this solution under air. 
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Dilute Medium 

Mineral Salts Solution 



NaCl 0.25 g 

MgCl2 0.20 g 

KCl 0.10 g 

NH4CI 0.10 g 

KH2PO4 0.05 g 

CaCl2 ' 2H2O 0.10 g 

Distilled water 1 liter 



Dissolve components and dilute up to 1 liter with distilled 
water. Autoclave the mineral salts solution at 121 °C 
for 40 min and cool under a headspace of N2/CO2 (80:20 
[vol/vol]) with an overpressure of 6 kPa. Once the mineral 
salts solution is cool, add 30 ml of 1 M sodium bicarbon- 
ate and 3 ml of 0.5 M Na2S, which have been autoclaved 
in vessels sealed with rubber stoppers under headspaces 
of CO2 and N2, respectively. In addition, add 5 ml of 
vitamin solution 1 and 1 ml each of vitamin solution 2, 
trace element solution, and selenite/tungstate solution. 
Then, adjust pH to 7.2 with sterile HCl or 0.5 M Na2C03. 
Fill serum bottles part way with medium and seal. Gas 
the headspace with N2/CO2 (80:20 [vol/vol]). Alterna- 
tively, dispense the medium into sterile screw capped 
bottles, leaving only a small gas bubble. Add appropriate 
carbon sources as desired. Different combinations of car- 
bon sources have been used to isolate ultramicrobacteria, 
including glucose at [4 mM], cellobiose at [2 mM] and a 
mixture of seven sugars (1 mM each of glucose, cellobi- 
ose, fructose, xylose, arabinose, maltose and galactose). 



Vitamin Solution 1 

4-Aminobenzoate 40 mg 

(-i-)-Biotin 10 mg 

Nicotinic acid 100 mg 

Hemicalcium D-(-i-) -pantothenate 50 mg 

Pyridoxamine hydrochloride 150 mg 

Thiamine chloride hydrochloride 100 mg 

Cyanocobalamin 50 mg 

Distilled water 1 liter 



Dissolve and dilute ingredients up to 1 liter with distilled 
water. Filter sterilize this solution. 



Vitamin Solution 2 

DL-6,8-thioctic acid 10 mg 
Riboflavin 10 mg 

Folic acid 4 mg 

Distilled water 1 liter 



Dissolve and dilute ingredients up to 1 liter with distilled 
water. Filter sterilize this solution. 

Trace Element Solution 



HCl (25%) 10 mL 

FeCb • 4H2O 1.5 g 

C0CI2 190 mg 

MnCb • 4H2O 100 mg 

ZnCl2 70 mg 

H3BO3 6 mg 

Na2Mo04 • 2H2O 36 mg 

NiCl2 • 6H2O 24 mg 

CUCI2 • 2H2O 2 mg 

Distilled water 1 liter 



Dissolve the FeCl2 • 4H2O in the HCl, then add the dis- 
tilled water and the rest of the components up to 1 liter. 
Autoclave this solution under air. 



Selenite/Tungstate Solution 

NaOH 0.5 g 

Na2Se03 • 5H2O 3 mg 

Na2W04 • 2H2O 4 mg 

Distilled water 1 liter 

Dissolve and dilute ingredients up to 1 liter with distilled 
water. Autoclave this solution under air. 

Identification 

Morphological and Cytological 
Characteristics 

Opitutus terrae Unlike some other cultured 
members of the Verrucomicrobia, O. terrae 
strains are non-prosthecate. Cells are coccoid 
but sometimes have the appearance of short 
rods under the phase contrast microscope 
because of the formation of chains of three or 
four cells. Diplococci are commonly observed, 
with one cell of the pair possessing a subpolar 
flagellum. Cells of O. terrae are 0.4-0.6 jam in 
diameter. Cells stain Gram negative and test 
positive for the aminopeptidase reaction and 
the KOH test. In agar deeps, Opitutus colonies 
appear granular and are nonpigmented. Spore 
formation has not been observed. Mol% G+C 
of the type strain is 73.7 ± 0.3. 

Ultramicrohacteria 

As with Opitutus strains, the ultramicrobacteria 
are non-prosthecate. Cells are ellipsoid to spher- 
ical in shape and often appear as diplococci. 
Cells are approximately 0.5 pm long and 0.35 pm 
wide. By definition, ultramicrobacteria have cell 
volumes of less than 0.1 pm^; ultramicrobacteria 
in the phylum Verrucomicrobia typically have 
cell volumes of between 0.03 and 0.04 pm^. 
Mature cells are motile via a single subpolar fla- 
gellum that can be up to 8.5 pm in length. Cells 
stain Gram negative and test positive for the 
KOH test. Colonies in agar deeps are white and 
lens-shaped. Spores have not been observed. 
Mol% G+C ratio ranges from 63.3-63.5. 

Metabolic and Biochemical Properties 
Opitutus strains possess a fermentative metabo- 
lism and are obligate anaerobes. Ultramicrobac- 
teria strains are also fermentative but are oxygen 
tolerant. Growth of the type strain of O. terrae 
and the ultramicrobacteria is supported by 
mono-, di- and polysaccharides (Table 4). 

Substrates that do not support the growth of 
any strains listed in Table 4 include ribose, cellu- 
lose (although O. terrae strain ACB90 hydrolyzes 
cellulose), pyruvate, lactate, fumarate, malate, 
citrate, crotonate, tartrate, glycerol (with or with- 
out acetate), alanine, glutamate, lysine, aspartate 
and leucine. Of the compounds tested, ultrami- 
crobacteria strains VeCbl and VeGlc2 have iden- 
tical substrate ranges for growth, while VeSml3 
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Table 4. Carbon sources supporting the growth of O. terrae and the ultramicrobacteria. 



Substrate 


0 . terrae PB90-E 




Ultramicrobacteria strains 




Glucose (4mM) 




VeCbl 


VeGlc2 


VeSml3 


Fructose (4mM) 




- 


- 


- 


Galactose (4mM) 










Mannose (4mM) 




- 


- 


- 


Galacturonic acid (4mM) 




ND 


ND 


ND 


Mannitol (4mM) 




- 


- 


- 


Arabinose (4mM) 










L-Rhamnose (4mM) 


ND 


- 


- 




Xylose (4mM) 


- 








Cellobiose (2mM) 








- 


Sorbose (2mM) 


- 


ND 


ND 


ND 


Maltose (2mM) 








- 


Sucrose (2mM) 








- 


Lactose (2mM) 










Melibiose (2mM) 








- 


Sorbose (2mM) 


- 


ND 


ND 


ND 


Methyl a-glucopyranoside (2mM) 


- 


ND 


ND 


ND 


Arabinogalactan (0. 1 % ) 


- 


ND 


ND 


ND 


Xylan (0.1%) 








- 


Starch (0.1%) 








- 


Pectin (0.1%) 










Chitin (0.1%) 


- 


ND 


ND 


ND 


D,L-3-hydroxybutyrate (20mM) 


ND 


- 


- 


- 


Succinate (20 mM) 


ND 


- 


- 


- 


Ethylene glycol (20 mM) 


ND 


- 


- 


- 


1,2-Propanediol (20 mM) 


ND 


- 


- 


- 


Acetoin (20 mM) 


ND 


- 


- 


- 


Glycine (20 mM) 


ND 


- 


- 


- 


Threonine (20 mM) 


ND 


- 


- 


- 


Valine (20mM) 


ND 


- 


- 


- 


Isoleucine (20 mM) 


- 


ND 


ND 


ND 


Proline (20 mM) 


- 


ND 


ND 


ND 



Symbols; +, present; absent; and ND, no data. 



has a more limited range. Opitutus terrae PB90- 
1^ is capable of using almost all of the same 
substrates as VeCbl and VeGlc2 but is able to 
use more monosaccharides. 

For all three ultramicrobacteria strains, the 
fermentation end products are acetate, propi- 
onate and succinate. Opitutus terrae produces 
propionate and acetate as the major end prod- 
ucts of fermentation but also produces smaller 
amounts (0.2 mol per mol of growth substrate) 
of succinate, lactate, ethanol and H 2 . When 
grown on pectin, O. terrae also produces metha- 
nol. Opitutus terrae, but not the ultramicrobacte- 
ria strains, can use nitrate as an electron acceptor 
which is reduced solely to nitrite. 

Sulfur, sulfate and thiosulfate are not reduced 
by any strains. The ultramicrobacteria hydrolyze 
urea and esculin, while O. terrae is only capable 
of esculin hydrolysis. Gelatin is not hydrolyzed 
by any strains, and catalase activity was not 
detected for any of the strains. 

The type strain of O. terrae grows optimally 
at a pH of 7.5-8.0 but is able to grow within 
the range of 5.5-9.0. Ultramicrobacteria strain 
VeGlc2 is able to grow at pH values between 6.6 



and 8.0, although other values have not been 
tested. Opitutus terrae PB90-1^ and VeGlc2 are 
capable of growth at temperatures between 10°C 
and 37°C but not at 40°C. Growth of O. terrae 
was possible in media supplemented with NaCl 
(30 g but not 40 g per liter). Ultramicrobacteria 
strain VeGlc2 tolerated NaCl (15 g but not 20 g 
per liter). 

Strain VeGlc2 is resistant to bacitracin and 
benzylpenicillin at 1000 pg-mU but is sensitive to 
ampicillin and other antibiotics. 

Epixenosomes 

Epixenosomes are Verrucomicrobia that reside 
as ectosymbionts on the dorsal surface of marine 
hypotrich ciliates in the genus Euplotidium. As 
epixenosomes are obligate symbionts, they have 
not been isolated in pure culture and therefore 
studies on these organisms have been limited. 
Studies to date have involved the epixenosomes 
of E. itoi and E. arenarium. These epixenosomes 
possess a complex internal ultrastructure consist- 
ing of a ribbon-like extrusive apparatus and bun- 
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dies of associated microtubule-like structures 
(Rosati et al, 1993; Fig. 4). In the natural 
environment the harpoon-like extrusomes of 
epixenosomes (Fig. 5) are believed to perform 
a defensive role for the host ciliates against 
predatory protozoa such as Litonotus lamella. 
Indeed, in vitro experiments have demonstrated 
that Euplotidium sp. containing epixenosomes 
are never ingested by Litonotus unless the extru- 
sive apparatus is inhibited. In contrast, ingestion 
of Euplotidium occurs readily when their adher- 
ing epixenosomes have been removed (Rosati et 
al., 1999). 

Phylogeny 

The complexity of the internal organization of 
epixenosomes combined with the presence of 
microtubule-like structures initially led to 
confusion about whether these organisms were 
prokaryotic or eukaryotic in nature. More 
recently, the 16S rRNA gene of the E. arenarium 
epixenosome was sequenced, and phylogenetic 
trees constructed using these data showed that 
these organisms are bacteria that cluster in Ver- 
rucomicrobia subdivision 4 along with Opitutus 
and ultramicrobacteria strains (Petroni et al., 
2000; Chin et al., 2001). The E. arenarium 
epixenosome 16S rRNA gene shares 83-84% 
sequence similarity with those from other mem- 
bers of subdivision 4 but only 74-78% sequence 
similarity with members of the other subdivi- 
sions (Chin et al., 2001). 

Taxonomy 

The epixenosomes of E. arenarium and E. itoi 
have not been isolated in pure culture and there- 
fore have not been officially named. 

Habitat 

Epixenosomes reside on the dorsal surface of 
their ciliate hosts and are arrayed in a well defined 
cortical band. While only the epixenosomes of 
E. arenarium and E. itoi have been studied in 
detail, symbionts resembling epixenosomes have 
been observed on the surface of other marine 
ciliates in the Euplotidium genus. Euplotidium 
spp. are prevalent in marine coastal waters. 

Life Cycle and Cell Structure 

While epixenosomes are not necessary for host 
cell survival in a noncompetitive environment, 
they have been shown to influence the morpho- 
genesis of the cortical band region, where they 
reside. The cortical region of the host differs 
when epixenosomes are present versus absent. 
Similarly, epixenosomes have been shown to 
possess two distinct developmental phases 
linked to the host cell cycle. 
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Stage I epixenosomes divide by binary fission 
and possess a simple bacteria-like ultrastructure. 
Cells are spherical and measure 1 qm in diame- 
ter. Stage II epixenosomes are ovoid and larger 
in size (2.5 qm x 1.2 qm) and develop by gradu- 
ally acquiring a more complex internal structure 
(Fig. 4). Internal structures that are present in 
stage II epixenosomes but absent from stage I 
epixenosomes include an electron-dense region 
composed of DNA and protein, a ribbon-like 
extrusive apparatus, and a “basket-like” struc- 
ture composed of regularly arrayed microtubule- 
like tubules. During the transition from stage I 
to stage II, the tubules appear randomly distrib- 
uted throughout the cytoplasm, but once the 
extrusive apparatus is completely formed they 
are arranged in a basket-like formation around 
the extrusome. Cell division ceases once the 
epixenosomes reach stage II. 

Ejection of the extrusive apparatus (Fig. 5) 
occurs when Euplotidium species encounter 
predatory protozoa and can be stimulated in the 
laboratory with adrenalin (Rosati et al., 1997). 
Extrusion is mediated when external signals of 
unknown origin are detected via membrane 
receptors on the top of the bacterium. These 
receptors are involved in signal transduction and 
activation of the adenylate cyclase-cAMP system 
(Rosati et al., 1997). The tubular structures sur- 
rounding the extrusive apparatus also appear to 
be directly involved in the ejection process. 
Experiments in which the tubules are disrupted 
using either nocodazole or cold treatment (both 
of which have been shown to cause microtubule 
depolymerization) result in loss of the ejection 
capability (Rosati et al., 1993). 

^‘‘Candidatus Xiphinematobactee^ 

The candidate genus ‘'Candidatus Xiphinemato- 
bactef was proposed to incorporate three 
species of Verrucomicrobia that are obligate 
endosymbionts of nematodes in the genus 
Xiphinema (Vandekerckhove et al., 2000). These 
bacteria reside inside the epithelial cells of the 
nematode ovarial walls, where they are believed 
to influence the reproductive mechanism of their 
host. 

Phylogeny 

‘'Candidatus Xiphinematohactef strains be- 
long to subdivision 2 of the Verrucomicrobia 
(Hugenholtz et al., 1998a; Vandekerckhove et 
al., 2000). Their closest relatives are represented 
by uncultured clones from a hydrocarbon 
and chlorinated-solvent containing reactor and 
from soil and freshwater. The three species of 
‘'Xiphinematobactef share a mean 16S rDNA 
similarity of 93%, but share less than 87% simi- 
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larity with their nearest relative, aquifer clone 
WCHD3-88. 

Taxonomy 

As ‘‘Xiphinematohactef are endosymbionts and 
have never been isolated in pure culture, the 
genus remains at Candidatus status. “Candidatus 
Xiphinematobactef contains three species: 
“Candidatus Xiphinematohacter hrevicolliC the 
type species, “Candidatus Xiphinematohacter 
americanum'' and “Candidatus Xiphinemato- 
hacter rivesiC 

Habitat 

“Xiphinematohacter species live as endosym- 
bionts in the ovarial and intestinal epithelium 
of nematodes in the Xiphinema americanum 
group. These symbioses are host specific, and 
thus Xiphinema hrevicollum, Xiphinema ameri- 
canum and Xiphinema rivesi are host to “Xiphi- 
nematohacter brevicolliC “Xiphinematohacter 
americanum'' and “Xiphinematohacter rivesi'' 
respectively. 

“Xiphinematohacter" species are maternally 
inherited via transovarial transmission and there- 
fore their survival is dependent on the host sex 
ratio. Interestingly, nematodes belonging to 
the symbiont-containing Xiphinema americanum 
group all reproduce via thelytokous (mother- 
daughter) parthenogenesis, while Xiphinema 
species that are uninfected can reproduce either 
sexually or via parthenogenesis, depending on 
the species. Therefore, it has been suggested that 
“Xiphinematohacter" species may be responsible 
for manipulating the sex ratio of the host via 
induction of thelytokous parthenogenesis, in a 
similar manner to the a-proteobacterium, Wol- 
hachia pipientis (Coomans et al., 2000). 

Morphology 

“Xiphinematohacter" species are rod-shaped 
with rounded ends and are nonmotile, non- 
prosthecate and nonsporulating. Cell dimensions 
are 0.7-1.0 qm x 2.1-3.2 qm. Cells stain Gram 
negative with no peptidoglycan layer discernable 
in thin-section electronmicroscopy. Instead, a 
hexagonally arrayed layer of 10-nm proteins, 
similar to those seen in Chlamydia sp., are asso- 
ciated with the inner edge of the outer mem- 
brane. As with Prosthecobacter species, cell 
division is unipolar. 

Genus Victivallis 

The genus Victivallis contains one species, V 
vadensis with the type strain Cello^ (named 
for its ability to utilize cellobiose). This species 
was isolated from a human fecal sample and is a 



strict anaerobe. Victivallis vadensis is the most 
recently isolated member of the phylum 
Verrucomicrobia. 

Phylogeny 

Victivallis vadensis does not fall into any of 
the Verrucomicrobia subdivisions proposed by 
Hugenholtz et al. (1998a) but forms a separate 
cluster with several uncultured clones obtained 
from anaerobic digesters (see Fig. 3). Thus, V 
vadensis represents a seventh subdivision of the 
Verrucomicrobia, of which it is the only cultured 
member. Anaerobic digester clones AA08 and 
vadinHB65 share only 94% sequence similarity 
with V vadensis, indicating that they form sepa- 
rate species. 

Taxonomy 

Victivallis vadensis is the only species in the 
genus Victivallis and is represented by a single 
strain, Cello^. 

Habitat and Isolation 

Victivallis vadensis was isolated from a human 
fecal sample. A density gradient gel electro- 
phoresis (DGGE) profile of the same sample 
indicated that V vadensis was not a dominant 
member of the fecal flora (Zoetendal et al., 
2003); however, the detection of the 16S rRNA 
genes of related organisms in an anaerobic 
digester indicates that these organisms may be 
ubiquitous. 

To isolate V vadensis, a bicarbonate buff- 
ered anaerobic medium supplemented with cel- 
lobiose is employed (see below). One notable 
characteristic of V vadensis is its inability to 
grow on solid media. Victivallis vadensis can be 
cultivated in broth or semisolid (0.75%) agar 
media. 

Bicarbonate-buffered Anaerobic Medium (Stams 
et al., 1993) 



Basal Medium 
NaHP04 • 2 H 2 O 0.53 g 

KH2PO4 0.41 g 

NH4CI 0.30 g 

CaCfi • 2H2O 0.11 g 

MgCfi • 6H2O 0.10 g 

NaCl 0.30 g 

NaHC 03 4.0 g 

Na2S • 9 H 2 O 0.48 g 

Distilled water 1 liter 



Dissolve and dilute ingredients up to 1 liter with distilled 
water. Autoclave the medium and dispense into serum 
vials with a headspace of N 2 /CO 2 or H 2 /CO 2 (80:20 [vol/ 
vol]). Add 1 ml each of acid and alkaline trace element 
solution and 0.2 ml of vitamin solution. Supplement the 
medium with 10 mM cellobiose (filter sterilized) and 
0.7% (vol/vol) sterile clarified rumen fluid. 
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Acid Trace Element Solution 



FeCh 


7.5 mM 


H3BO4 


1.0 mM 


ZnCh 


0.5 mM 


CuCh 


0.1 mM 


MnCb 


0.5 mM 


C 0 CI 2 


0.5 mM 


NiCh 


0.1 mM 


HCl 


50 mM 


Filter sterilize the solution. 


Alkaline Trace Element Solution 


Na2Se03 


0.1 mM 


Na 2 W 04 


0.1 mM 


Na2Mo04 


0.1 mM 


NaOH 


10 mM 



Filter sterilize the solution. 



Vitamin Solution 



Biotin 


20 mg 


Niacin 


200 mg 


Pyridoxine 


500 mg 


Riboflavin 


100 mg 


Thiamine 


200 mg 


Cyanocobalamin 


100 mg 


p-Aminobenzoic acid 


100 mg 


Pantothenic acid 


100 mg 


Filter sterilize the solution. 



Identification 

Morphological and Cytological 

Characteristics Victivallis vadensis is a strict 
anaerobe. Cells are coccoid with diameters of 
0.5-1. 3 jam and are nonmotile. An extracellular 
slime layer is produced. Cells stain Gram nega- 
tive and do not produce spores. Strain Cello^ has 
a mol% G+C ratio of 59.2%. 

Metabolic and Biochemical Properties Victi- 
vallis vadensis is a strict anaerobe that grows well 
on a variety of sugars including cellobiose, 
glucose, fructose, galactose, lactose, lactulose, 
maltose, maltotriose, mannitol, melibiose, myo- 
inositol, raftilose, rhamnose, ribose, sucrose and 
xylose. Compounds that do not support growth 
include cellulose, fucose, gelatin, pectin, raffi- 
nose, starch, fumarate, casamino acids, oleate, 
pyruvate, yeast extract, methanol, ethanol, 1- 
propanol, 2-propanol, 2-butanol, casein, pep- 
tone, tryptone and H 2 /CO 2 . Victivallis vadensis is 
not able to use sulfate or nitrate as electron 
acceptor. Glucose is converted to acetate, etha- 
nol, bicarbonate and H 2 . 

On cellobiose, temperatures between 20°C 
and 40°C and pHs between 5 and 7.5 support the 
growth of V vadensis', however, optimal growth 
occurs at 37°C and pH 6.5, conditions that mimic 
those of the human intestinal tract. 
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CHAPTER 12.1 

Thermotogales 

ROBERT HUBER AND MICHAEL HANNIG 



Introduction 

Members of the Thermotogales represent a very 
deep phylogenetic branch within the 16S rRNA 
gene tree. Within the order, members of the 
genus Thermotoga have an upper temperature 
border of growth at 90°C and represent, together 
with members of the order Aquificales, the bac- 
teria with the highest growth temperatures 
known so far. Representatives of the TTiermoto- 
gales are widespread and cosmopolitan, and they 
thrive mainly in volcanically or geothermally 
heated environments. Owing to their strictly 
organotrophic way of life, they are consumers of 
microbial biomaterial within high temperature 
ecosystems. 

For the Thermotogales, the following order 
criteria are characteristic: thermophilic, non- 
sporeforming, rod-shaped cells with an outer 
sheath-like envelope (Toga’); Gram-negative, 
but mp^o-diaminopimelic acid not present in the 
peptidoglycan; strictly anaerobic, fermentative 
bacteria; acetate, carbon dioxide, and hydrogen 
metabolites from glucose fermentation; 
inhibition of growth by hydrogen; lysozyme- 
sensitive; unusual long-chain dicarboxylic fatty 
acids present in the lipids; and G-rC content, 
29-50 mol%. 

Phylogeny 

By 16S rRNA gene sequence comparison it was 
shown first in 1987 that Thermotoga maritima 
represents a slowly evolving lineage and a deep 
phylogenetic branch within the bacterial domain 
(Huber et al., 1986; Woese, 1987; Fig. 1). On the 
basis of this result, a thermophilic origin of the 
bacterial domain was proposed (Achenbach- 
Richter et al., 1987). The outstanding phyloge- 
netic placement of T maritima was strengthened 
by comparative analysis of other macromole- 
cules such as 23S rRNA, elongation factor Tu and 
G, B-subunit of the ATPase, fus gene and of 
ferredoxins (Bachleitner et al., 1989; Schleifer 



and Ludwig, 1989; Tiboni et al., 1991; Ludwig 
et al., 1993; Blarney et al., 1994; Darimont and 
Sterner, 1994) and by whole genome-based 
phylogenetic analysis (Fitz-Gibbon and House, 
1999). In contrast, sequence comparisons of bac- 
terial RNA-polymerase large subunits placed T 
maritima next to the chloroplasts, and the analy- 
sis of the bacterial DNA polymerase III, class II, 
placed T maritima next to Clostridium acetohu- 
tylicum (Palm et al., 1993). Furthermore, a 16S 
rRNA phylogenetic tree based on the most con- 
served positions proposed that the Planctomyc- 
etales is the first branching bacterial group and 
not a hyperthermophilic bacterium (Brochier 
and Philippe, 2002). On the basis of conserved 
inserts and deletions found in various proteins, 
Gupta and Griffith (2002) placed T maritima 
phylogenetically within the Gram-positive 
Bacteria. However, owing to biochemical and 
ultrastructural features, T maritima is consid- 
ered to be a true Gram-negative bacterium (see 
also Identification). 

Taxonomy 

Owing to the outstanding phylogenetic position 
of T maritima in combination with unique mor- 
phological, physiological and biochemical crite- 
ria, the order Thermotogales consisting of the 
single family Thermotogaceae was described 
(Huber et al., 1992b). Within the Thermoto- 
gaceae, the genera Thermotoga (Huber et al., 
1986; Huber and Stetter, 2001b), Thermosipho 
(Huber et al., 1989a; Ravot et al., 1996b; Huber 
and Stetter, 2001b), Fervidobacterium (Patel 
et al., 1985a; Huber et al., 1990; Huber and 
Stetter, 2001b), Geotoga, Petrotoga (Davey et al., 
1993a; Davey et al., 2001a; Davey et al., 2001b) 
and Marinitoga (Wery et al., 2001) have been 
described. The species belonging to the different 
genera of the Thermotogales are listed in Table 
1; their phylogenetic relationship is shown in 
Fig. 2. On the basis of 16S rRNA gene sequence 
analysis, T maritima, Thermotoga neapolitana. 
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bacteroides- 

flavobacteria 




Fig. 1. Phylogenetic tree based upon 16S rRNA gene sequence comparison showing the phylogenetic position of the species 
Thermotoga maritima at the root of bacterial tree. (From Woese, 1987; courtesy of C. W. Woese.) 



Thermotoga petrophila and Thermotoga 
naphthophila show a very close relationship (Fig. 
2). However, based on specific sequence signa- 
tures in the 16S rRNA gene {Escherichia coli 
numbering; Brosius et al, 1981; Woese, 1987), 
the T maritima - T neapolitana group (position 
1031, C; 1290, G; 1364, U) can be distinguished 
from the T naphthophila - T petrophila group 
(position 1031, U; 1290, A; 1364, C). Recently, 
the phylum Thermo togae, consisting of the single 
class Thermotogae was proposed (Reysenbach, 
2001 ). 



Habitat 

Members of the Thermotogales are widespread 
and cosmopolitan. They thrive within continental 
solfatara springs of low salinity, shallow and 
deep-sea marine hydrothermal systems and 
high-temperature marine and continental oil 
fields. 

From the genus Thermotoga, the type species 
T maritima had been originally isolated from a 



geothermally heated, shallow marine sediment 
at Vulcano, Italy (Huber et al., 1986). The second 
species of this genus, T neapolitana, was 
obtained from a submarine thermal vent at 
Lucrino near Naples, Italy (Belkin et al., 1986; 
Jannasch et al., 1988). Members of the marine T 
maritima - T neapolitana group are widespread 
within high temperature ecosystems and have 
also been isolated from shallow submarine 
hydrothermal systems on Sangeang Island 
(Indonesia), Ribeira Quente, Sao Miguel Island 
(the Azores), Kunashir Island (north of Japan) 
and the Fiji Island (Huber and Stetter, 1992b). 
Additional isolates were obtained from the Kol- 
beinsey Ridge north of Iceland in a depth of 106 
m and from deep-sea hot sediments in a depth of 
2000 m (Guaymas, Mexico; Huber and Stetter, 
1992a; Huber and Stetter, 1992b). Thermotoga 
thermarum was originally isolated from conti- 
nental solfataras with low ionic strength at Lac 
Abbe, Djibouti, Africa (Windberger et al., 
1989). The closest cultivated relative of T 
thermarum is the so far undescribed new 
Thermotoga species BB13-1-L6A, which thrives 
in the geothermally heated water (68°C; pH 6.8) 



Table 1. List of the described species within the Thermo togales. 

Species Culture collection Accession number Effective publication Validation 
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Fig. 2. 16S rRNA-based phylogenetic tree of the Thermotogales. The tree topology is based on the ARB database of 11,800 
sequence entries and was reconstructed using the ARB parsimony tool. A filter defining positions that share identical residues 
in at least 50% of all included sequences from the Thermotogales was used for reconstructing the tree. Reference sequences 
were chosen to represent the broadest diversity of bacteria. Accession numbers for the sequences are given in Table 1. The 
scale bar represents 0.10 fixed mutations per nucleotide position. 



of the Friedrichs tollen in Baden-Baden 
(Germany; Fig. 3). 

Evidence for the presence of Thermotogales 
relatives in deep-subsurface petroleum 
reservoirs was reported for the first time by 
Stetter et al. (1993). Thermotoga-YoidiiQd organ- 
isms (designated “Pb-isolates”) were obtained 
from seawater flooded oil fields, about 3000 m 
below the permafrost surface of the North Slope 
of Alaska (Prudhoe Bay, Endicott and Kuparuk 
oil fields; Stetter et al., 1993; Stetter and Huber, 
2000). By 16S rRNA gene sequence comparison 
and sequence signature analysis, these Pb- 
isolates were found to group together with the 
recently described T. petrophiia and T. naphtho- 
phiia from the Kubiki oil reservoir in Niigata 
(Japan; Takahata et al., 2001). Further Thermo- 
toga isolates from oil production wells were 
described as Thermotoga eifii (Africa; Ravot et 
al., 1995), Thermotoga subterranea (East Paris 



Basin; Jeanthon et al., 1995) and Thermotoga 
hypogea (Africa; Fardeau et al., 1997). 
Thermotoga-VikQ organisms have been also 
reported from a continental oil reservoir 
(L’Haridon et al., 1995), and Thermotogales rel- 
atives were also found during a systematic survey 
in high temperature oil reservoirs with different 
salinities (Grassia et al., 1996). 

Members of the genus Fervidobacterium seem 
to be restricted to biotopes with low salinity. 
Fervidobacterium nodosum was originally 
isolated from a hot spring in New Zealand (Patel 
et al., 1985a). Fervidobacterium islandicum was 
obtained from a continental solfatara field at 
Hveragerthi (Iceland; Huber et al., 1990) and 
further, so far undescribed Fervidobacterium rel- 
atives were isolated from continental hot springs 
in Tibet (Huber and Stetter, 1992a), from Nadi, 
Viti Levu (Fiji Island), and from Octopus Spring 
(Yellowstone National Park, United States). Fer- 
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Fig. 3. The new Thermotoga species BB13-1-L6A, isolated 
from geothermally heated water from the Friedrichstollen in 
Baden-Baden, Germany. The rod-shaped cell is covered by 
an elongated sheath-like outer membrane (“toga”), overbal- 
looning at both ends. Bar, 1 pm. 

vidohacterium gondwanense was obtained from 
a sample taken from a runoff channel of the 
Great Artesian Basin of Australia (Andrews and 
Patel, 1996), Fervidohacterium pennivorans from 
a hot spring on San Miguel (the Azores, Portugal; 
Friedrich and Antranikian, 1996). 

From marine hydrothermal springs and sandy 
sediments of the Gulf of Tadjoura southwest of 
Obock (Djibouti, Africa), three strains belong- 
ing to the genus Thermosipho have been 
isolated. They represented a single species, 
Thermosipho africanus (Huber et al., 1989a). 
Thermosipho melanesiensis, the second species 
within this genus, was obtained from the gills of 
Bathymodiolus brevior, a deep-sea hydrothermal 
vent mussel. This invertebrate was collected at 
the bottom of a black smoker in the Lau Basin 
(depth 1832 m). Southwest Pacific Ocean 
(Antoine et al., 1997). Recently, Thermosipho 
japonicus was isolated from a deep-sea hydro- 
thermal vent in the Iheya Basin (Japan; Takai 



and Horikoshi, 2000a). Members of the genus 
Thermosipho thrive also in hot oil reservoirs. A 
so far undescribed, new Thermosipho species 
was obtained from reservoir fiuids taken at the 
Thistle oil production platform (East Shetland 
Basin, North Sea; Stetter et al., 1993; Stetter and 
Huber, 2000), and recently, Thermosipho geolei 
from a continental petroleum reservoir in 
Western Siberia was published (Russia; 
L’Haridon et al., 2001). 

From petroleum reservoirs located in 
Oklahoma and Texas, members of Geotoga and 
Petrotoga have been isolated for the first time 
(Davey et al., 1993a). The isolates have been 
described as Geotoga petraea, Geotoga suhterra- 
nea and Petrotoga miotherma. Petrotoga mobilis 
was obtained from a North Sea oil production 
well (Lien et al., 1998) and two recent isolates 
were obtained from a continental petroleum res- 
ervoir in Western Siberia, namely Petrotoga ole- 
aria and Petrotoga sibirica (L’Haridon et al., 
2002 ). 

The type species of Marinitoga, Marinitoga 
camini, was isolated from a deep-sea hydrother- 
mal chimney sample on the Mid-Atlantic Ridge 
(Wery et al., 2001) and Marinitoga piezophila 
was isolated from a chimney rock on the East- 
Pacific Rise (Alain et al., 2002). 

Isolation 

Members of the Thermotogales can be enriched 
in anaerobic culture media with a pH around 7 
(Table 2) under a gas phase consisting of 300 kPa 
N 2 or 300 kPa N 2 /CO 2 (80:20; vol/vol). Depend- 
ing on the salt requirement of the organism, 
either half strength seawater media or media 
with low ionic strength are used (Table 2). The 
media, supplemented with a defined carbon 
source (e.g., maltose or starch; Table 3) and 
complex organic material (e.g., yeast extract or 
peptone; Table 3), are inoculated with original 
sampling material. Members of the T maritima 
NT neapolitana group can be selectively 
enriched at an incubation temperature of 85°C 
with starch as the only carbon and energy source. 
Keratinophilic (feather-degrading) Fervidobac- 
terium species might be obtained in yeast extract/ 
tryptone medium with native feathers from 
chickens, ducks or geese (Leuschner and 
Antranikian, 1994). For enrichment of G. 
petraea, G. subterranea and P. miotherma, alpha- 
glycerophosphate and starch should be added to 
petroleum reservoir brines (Davey et al., 1993a). 
Marinitoga piezophila can be selectively 
enriched heterotrophically under a hydrostatic 
pressure of 30 MPa (Alain et al., 2002). 

The enrichment bottles are incubated at the 
appropriate temperatures (45-85°C; Table 2) 
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and monitored for growth over a certain time 
period (e.g., two weeks) by phase contrast 
microscopy. When rod-shaped cells with an outer 
sheath-like structure or with a single terminal 
bleb become visible, the enrichments are serially 
diluted. The isolates are obtained by plating 
under anaerobic conditions and at an incubation 
temperature between 45 and 80°C (Table 2). For 
plating, a stainless steel anaerobic jar (Balch et 
al., 1979) and plates, solidified with Gelrite (0.7- 
1.0%; Huber and Stetter, 2001a) or agar (0.8- 
3%), can be used. Other methods for isolation 
are agar shake tubes (2%) or phytagel roll tubes 
(4%). For T. neapolitana, mean plating efficien- 
cies up to 84% on 0.7% Gelrite have been 
reported. For growth, the plates were incubated 
at 77°C in a glass canning jar containing a packet 
of palladium pellets as a catalyst (Childers et al.. 
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1992; Vargas and Noll, 1994). Colonies of the 
Thermotogales are uniformly round with a diam- 
eter of about 1-2 mm. Colonies of the genera 
Thermotoga, Fervidohacterium, Geotoga and 
Petrotoga appear whitish, while colonies of 
Thermosipho are colorless or brownish. 

From liquid cultures, Thermotogales relatives 
can be also isolated by a plating-independent, 
newly developed isolation procedure (selected 
cell cultivation technique) based on optical trap- 
ping of single cells using a strongly focused infra- 
red laser beam (“optical tweezers”; Huber et al., 
1995; Beck and Huber, 1997; Huber, 1999; Huber 
and Stetter, 2001a). 

In the future, a new isolation strategy might be 
used to isolate specifically Thermotogales rela- 
tives from their biotopes (Huber et al., 1995; 
Huber et al., 2000). This method combines 16S 



Table 2. Physiological properties of the described species within the Thermotogales. 



Species 


G+C content 
(mol%) 


Temperature 
optimum (°C) 


Temperature 
range (°C) 


pH 

Optimum 


pH range 


NaCl 

optimum (%) 


NaCl 
range (%) 


Thermotoga maritima 


46 


80 


55-90 


6.5 


5.5-9.0 


2.7 


0.25-6.0 


Thermotoga 


41 


80 


55-90 


7.0 


5.5-9.0 


2.0 


0.25-6.0 


neapolitana 


Thermotoga 


40 


70 


55-84 


7.0 


6.0-9.0 


0.35 


0.2-0.55 


thermarum 


Thermotoga elfii 


40 


66 


50-72 


7.5 


5.5-8.7 


1.0 


0-2.4 


Thermotoga 


40 


70 


50-75 


7.0 


6.0-8.5 


1.2 


0-2.4 


subterranea 


Thermotoga hypogea 


50 


70 


56-90 


7.3-7.4 


6.1-9.1 


0.02 


0-0.5 


Thermotoga 


46.6 


80 


47-88 


7.0 


5.2-9.0 


1.0 


0-5.5 


petrophila 


Thermotoga 


46.1 


80 


48-86 


7.0 


5.4-9.0 


1.0 


0.1-6.0 


naphthophila 


Thermotoga lettingae 


39.2 


65 


50-75 


7.0 


6.0-8.5 


1.0 


0-2.8 


Thermosipho 


30 


75 


35-77 


7.2 


6.0-8.0 


n.d. 


0.11-3.6 


africanus 


Thermosipho 


30.5 


70 


50-75 


6.5-7.5 


4.5-8.5 


3.0 


1.0-6.0 


melanesiensis 


Thermosipho 


31 


72 


45-80 


7.2-7.6 


5.3-9.3 


4.0 


0.66-7.9 


japonicus 


Thermosipho geolei 


30.0 


70 


45-75 


7.5 


6.0-9.4 


2-3 


0.5-7.0 


Fervidobacterium 


33.7 


70 


41-79 


7.0 


6.0-8.0 


<1.0 


n.d. 


nodosum 


Fervidobacterium 


40 


65 


50-80 


7.0 


6.0-8.0 


<0.7 


n.d. 


islandicum 


Fervidobacterium 


35 


65-68 


45-80 


7.0 


6.0-8.0 


<0.2 


n.d. 


gondwanense 


Fervidobacterium 


40 


70 


50-80 


6.5 


5.5-8.0 


0.4 


0-4 


pennivorans 


Geotoga petraea 


30 


50 


30-55 


6.5 


5.5-9.0 


3 


0.5-10 


Geotoga subterranea 


30 


45 


30-66 


6.5 


5.5-9.0 


4 


0.5-10 


Petrotoga miotherma 


40 


55 


35-65 


6.5 


5.5-9.0 


2 


0.5-10 


Petrotoga mobilis 


31-34 


58-60 


40-65 


6.5-7.0 


5.5-8.5 


3-4 


0.5-9.0 


Petrotoga olearia 


35 


55 


37-60 


7.5 


6.5-8.5 


2 


0.5-8 


Petrotoga sibirica 


33 


55 


37-55 


8 


6.5-9.4 


1 


0.5-7.0 


Marinitoga camini 


29 


55 


25-65 


7.0 


5.0-9.0 


3.0 


1. 0-4.5 


Marinitoga piezophila 


29 (±1) 


65 


45-70 


6.0 


5.0-8.0 


3.0 


1. 0-5.0 



Abbreviation: n.d., not determined. 
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rRNA gene sequence analysis in situ, specific 
whole-cell hybridization within enrichments, and 
the cultivation of cells selected by the use of the 
laser microscope (Huber et al, 1995). 

Identification 

Cells of Thermotogales representatives are rod- 
shaped, about 1.0-50.0 pm long and 0.4-1. 0 pm 
in diameter. They form an outer sheath, balloon- 
ing over the ends (Toga’), visible in all phases of 
growth (Figs. 4 and 5). Usually, they grow singly 
and in pairs (Fig. 4); members of the genus Ther- 
mosipho form short chains of up to 12 individuals 
surrounded by a sheath (Fig. 6). The majority of 
the Fervidobacterium cells form a characteristic 
terminal bleb (‘spheroids’) on one end of the 
cells, which occurs during all stages of growth 
(diameter 1. 0-4.0 pm; Fig. 7). Furthermore, 
growth in short chains is observed, and F. island- 
icum frequently forms aggregates of up to 50 
cells. Besides spheroids, Fervidobacterium spe- 
cies form spheres (diameter 5.0-8.0 pm; Fig. 8), 
membrane-bound structures containing one to 
seven individual cells. All members of the Ther- 
motogales exhibit a Gram-negative staining 
reaction, but diamino-pimelic acid, typical for 
Gram-negative bacteria, is absent. 




Fig. 5. Ultrathin section of Thermotoga maritima. Bar, 1 jim. 




Fig. 4. Platinum-shadowed, flagellated cell of Thermotoga 
maritima. Bar, 1 jam. 



Fig. 6. Four rod-shaped cells of Thermosipho africanus in a 
tube-like sheath; platinum-shadowed. Bar, 1 pm. 
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Fig. 7. Ultrathin section of Fervido bacterium islandicum. 
Bar, 1 jim. 




Fig. 9. Free-floating biofllm of Thermotoga sp. SG1-L2A. 
Bar, 0.5 cm. 




Fig. 8. Ultrathin section of Fervidobacterium nodosum. Sin- 
gle sphere, containing several cells. Bar, 1 pm. (Courtesy of 
H. W. Morgan.) 



Thermotogales species either are immotile or 
possess flagella and are motile (Huber and 
Stetter, 1999; Huber and Stetter, 2001b; Fig. 4). 
Motility of T. maritima was observed at 60-90°C 
after heating the microscopic slide. At the opti- 
mal growth temperature of 80° C, the maximum 
speed was approximately 3 mm/min. Further- 
more, a thermotactic response to temporal tem- 
perature changes was reported for T. maritima 
and thermostable chemotaxis proteins have been 
identified (Gluch et al., 1995; Swanson et al., 
1996). Recently, the crystal structure of Che A, 
a signal-transducing histidine kinase, and the 
crystal structures of the middle and C-terminal 



domain of the flagellar rotor protein FliG from 
T. maritima have been published (Bilwes et al., 
1999; Brown et al., 2002). 

So far, there is only one report of film 
formation within the Tliermotogales. During 
continuous cultivation of T. maritima, 
exopolysaccharides were produced under opti- 
mal growth conditions. Concomitantly, a thin and 
white, but not further specified film below the 
liquid level of the medium was observed (Rinker 
and Kelly, 2000). Very recently, we found biofilm 
formation by Thermotoga sp. SG1-L2A, pro- 
duced under physiological growth conditions in 
batch cultures at the end of the logarithmic 
growth phase. The cells formed free-floating, 
white-colored biofilms in the medium with a 
length of up to 1 cm (Fig. 9). 

The ultrastructure of T. maritima (Huber et al., 
1986) and related species, as determined by 
transmission electron microscopy by freeze- 
etching and in ultrathin sections, can only be 
interpreted as Thermotoga being a true Gram- 
negative bacterium (Rachel et al., 1990). A 
sheath-like outer membrane and overballooning 
ends give the cells their characteristic appear- 
ance. The porin of the outer membrane has been 
purified and its specific functional properties 
characterized after insertion into artificial lipid 
bilayers (Engel et al., 1993); in addition, its sec- 
ondary structure contains predominantly beta- 
sheets and the amino acid composition is charac- 
teristic for porins (for a review, see Schirmer, 
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1998). Outer membrane protein (Omp) alpha is 
a rod-shaped spacer that spans the periplasm, 
connecting the outer membrane to the inner 
body (Engel et al, 1992; Lupas et al., 1995). So 
far, it is not clear how Omp alpha is connected 
to the peptidoglycan or the cytoplasmic mem- 
brane. It is likely that the COOH-terminal 
hydrophobic tail of the protein is associated with 
the porin layer in the “balloon” portion of the 
cell wall. Thermotoga cells have an unusual thin 
and labile murein layer, presumably owing to a 
low degree of cross-linking; it is not synthesized 
in the presence of penicillin G or ampicillin and 
is sensitive to lysozyme. After addition of 
lysozyme, the rod-shaped cells of T. maritima 
round up within some minutes, which was also 
observed for Ts. africanus and E islandicum. The 
murein of T. maritima consists of muramic acid, 
A-acetylglucosamine, glutamic acid, alanine and 
lysine (molar ratio = 0.41:0.69:1.00:1.43:0.89). D- 
and L-Lysine are present and not found so far in 
Gram-negative bacteria. 

Recently, the crystal structure of the cell divi- 
sion protein FtsA and of the cell division inhibi- 
tor MinC was reported from T. maritima (van 
den Ent and Lowe, 2000; Cordell et al., 2001). 
Biochemical and structural investigations gave 
evidence that the T. maritima MreB protein is 
the bacterial homolog to the physiological poly- 
mer of the eucaryotic F-actin (van den Ent et al., 
2001 ). 

Electron microscopic studies showed that the 
cell envelope of Fervidohacterium is composed 
of two layers. The outer layer protrudes to form 
spheres (Patel et al., 1985a). In E nodosum, the 
two layers have an irregular convoluted struc- 
ture and are connected with regular junctions, 
and the outer layer is susceptible to lysis by 
SDS. The cells are able to grow and multiply 
within the spheres (Patel et al., 1985a). 

About 50% of the total polar lipids of T. mar- 
itima are two amphipathic monopolar glycolipids 
with a very rare alpha-(l-4) diglucosyl structure 
(Manca et al., 1992). Unusual long-chain dicar- 
boxylic fatty acids are present in the core lipids 
of the Thermotogales (Huber et al., 1986; Huber 
et al., 1989a; Huber et al., 1990; Jeanthon et al., 
1995). In T. maritima, a total of 37 different fatty 
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acids, including the novel 13,14-dimethylocta- 
cosanedioic acid (Carballeira et al., 1997) and a 
new ether core lipid, 15,16-dimethyl-30- 
glyceroloxytriacontanoic acid (DeRosa et al., 
1988), have been identified. Comparative analy- 
sis showed that this core lipid is characteristic for 
the genus Thermotoga (Huber et al., 1986; 
DeRosa et al., 1988; Windberger et al., 1989; 
Jeanthon et al., 1995; Fig. 10). 

Members of the Thermotogales differ in their 
sensitivity to antibiotics (Table 4). For T elfii 
and E pennivorans, no information on antibi- 
otic sensitivity was reported. Thermotogales 
representatives are significantly different in 
their sensitivity to the antibiotic rifampicin, 
which blocks transcription initiation (Huber 
and Stetter, 1992a; Table 4). Growth of some 
species is inhibited by only 1 /rg/ml (e.g., T ther- 
marum), while other species (e.g., T maritima 
and T neapolitana) are resistant even against 
100 /ig/ml. Unusual for bacteria, the purified 
RNA polymerase of T maritima is resistant to 
rifampicin (1 pg/ml), and only 80% of its activ- 
ity is inhibited by 200 pg/ml (Huber et al., 
1986). Growth of T maritima is also not inhib- 
ited by 10 pg/ml of the aminoglycoside antibiot- 
ics paromomycin, neomycin, streptomycin, 
gentamicin and kanamycin (Huber et al., 1986). 
Unprecedented for bacteria, the purified ribo- 
somes of T maritima are resistant to these anti- 
biotics, too (Londei et al., 1988). Another 
unusual feature of T maritima is the resistance 
of the elongation factor EF-G to fusidic acid 
(Huber and Stetter, 1992a). 



Cultivation 

Owing to the anaerobic nature of the Thermoto- 
gales, anaerobic media must be prepared for 
their cultivation. First, the medium (e.g., 1 liter 
volume) is flushed with nitrogen for about 
20 min to get rid of oxygen. Afterwards, the 
medium is chemically reduced by the addition of 
unsterile sodium sulfide and/or cysteine-HCl 
or after dispension in small portions (see Cul- 
ture Media) from a sterile, anaerobic stock (see 




R = H, R’ = C02Me 

Fig. 10. The new 15,16-dimethyl-30 glyceryloxytriacontanoic acid from Thermotoga maritima (courtesy A. Gambacorta). 



Table 4. Influence of antibiotics on growth of the Thermotogales species. 
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Symbols and abbreviations: -, growth inhibited; (-), temporary inhibition; (+), slight growth; +, growth not inhibited; and n, not reported. 
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Culture Media). After pH-adjustment, the 
media are dispensed in 10-20 ml portions in an 
anaerobic chamber into the culture bottles. They 
are closed by rubber stoppers and the gas atmo- 
sphere is changed to the desired gas mixture 
(see Culture Media). Thermotogales relatives 
grow well using 28-ml serum tubes (borosilicate 
glass; Schott, Mainz, Germany) or 120-ml soda- 
lime-silicate bottles (Stute GmbH, Rheinbreit- 
bach, Germany). All media were autoclaved for 
20 min at 121°C, and the stock-solutions were 
filter-sterilized. 

At large scale, members of the Thermotogales 
are routinely grown in batch cultures, using 
enamel-protected fermentors with an operating 
volume up to 300 liters (HTE, Bioengineering, 
Wald, Switzerland; Huber et al., 1986). The 
inhibitory hydrogen gas produced during growth 
should be removed by continuously flushing the 
fermentor with nitrogen or argon gas (Huber et 
al., 1986; Huber et al., 2000). 



Culture Media 

MSH-Medium for T. maritima and T. neapolitana 



KH 2 P 04 


0.5 g 


(NH4)2S04 


0.5 g 


NaHC 03 


0.1 g 


Yeast extract (BD Difco™) 


0.5 g 


Starch 


5 g 


Trace mineral solution (see 


10 ml 


Trace Mineral Solution) 


Resazurin 


1 mg 


Artificial sea water (see 


250 ml 


Artificial Sea Water) 


Na2S • 9H2O 


0.5 g 


H2O, double distilled 


700.0 ml 



Adjust pH to 7.0 with 25% H2SO4 and volume to 1 liter 
with double-distilled water. The headspace of the culture 
bottles consisted of N2 (300 kPa). 

Trace Mineral Solution (modified; Balch et al., 1979) 



Nitrilotriacetic acid 1.5 g 
MgS04 • 7H2O 3.0 g 

MnS04 • H2O 0.5 g 

NaCl 1.0 g 

FeS04 • 7H2O 0.1 g 

C0SO4 0.1 g 

CaCb • 2H2O 0.1 g 

CUSO4 • 5H2O 0.01 g 

A1K(S04)2 0.01 g 

H3BO3 0.01 g 

ZnS04 0.1 g 

Na2W04 ' 2H2O 0.01 g 

Na2Mo04 • 2H2O 0.01 g 

Na2Se04 0.01 g 

(NH4)2Ni(S04)2 0.2 g 



H2O, double distilled 950.0 ml 

Adjust pH of the solution to 6.5 with 5N KOH and 
volume to 1 liter with double-distilled water. Store at 4°C 
in the dark. 



Artificial Sea Water (Huber et al., 1990) 


NaCl 


21.1 g 


MgS04 • 7 H 2 O 


7.0 g 


MgCb • 6H2O 


5.5 g 


KCl 


0.6 g 


NaBr 


0.1 g 


H3BO3 


0.03 g 


SrCb ' 6 H 2 O 


0.015 g 


KI 


0.05 mg 


CaCb • 2 H 2 O 


1.5 g 


H2O, double distilled 


950.0 ml 


Adjust pH to 5. 5-6.0 and volume to 1 liter with double- 


distilled water. 




LA3 Medium for T. thermarum 


NaCl 


3.46 g 


MgS04 • 7 H 2 O 


0.88 g 


MgCb • 6H2O 


0.69 g 


KH2PO4 


0.5 g 


CaCb 


0.09 g 


KCl 


0.08 g 


NaBr 


12.50 mg 


H3BO3 


3.75 mg 


SrCb • 6 H 2 O 


1.9 mg 


KI 


0.006 mg 


(NH4)2Ni(S04>2 


3 mg 


Trace mineral solution (see 15 ml 


Trace Mineral Solution) 


EDTA • Na4-salt 


0.9 g 


Starch 


5g 


Yeast extract (BD Difco™) 0.5 g 


Resazurin 


1 mg 


Na2S • 9 H 2 O 


0.5 g 


H2O, double distilled 


950.0 ml 


Adjust pH to 7.0 with 25% H2SO4 and volume to 1 liter 
with double-distilled water. The headspace of the culture 
bottles consisted of N2 (300 kPa). 


Trace Mineral Solution (Balch et al., 1979) 


Nitrilotriacetic acid 


1.5 g 


MgS04 • 7 H 2 O 


3.0 g 


MnS 04 • 2 H 2 O 


0.5 g 


NaCl 


1.0 g 


FeS04 • 7 H 2 O 


0.1 g 


C0CI2 


0.1 g 


CaCb • 2 H 2 O 


0.1 g 


ZnS 04 


0.1 g 


CUSO4 • 5 H 2 O 


0.01 g 


A1K(S04)2 


0.01 g 


H3B03 


0.01 g 


Na2Mo04 • 2 H 2 O 


0.01 g 


H2O, double distilled 


950.0 ml 


Adjust pH of the solution to 6.5 with 5N KOH and the 
volume to 1 liter with double-distilled water. Store at 4°C 


in the dark. 




MB Medium for T. elfii 




NH4CI 


1.0 g 


K2HPO4 


0.3 g 


KH2PO4 


0.3 g 


MgCb • 6H2O 


0.2 g 


CaCb • 2 H 2 O 


0.1 g 


NaCl 


10.0 g 


KCl 


0.1 g 


Sodium acetate 


0.5 g 
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Trace mineral solution (see 10 ml 

LA3-medium) 

Yeast extract (BD Difco™) 2.0 g 

Bio-Trypcase (bioMerieux) 2.0 g 

Resazurin 1 mg 

Cysteine • HCl 0.5 g 

Na2S • 9H2O 0.4 g 

Na2C03 2.0 g 

H2O, double distilled 950.0 ml 



Dissolve all components except the Na2S ■ 9H2O and 
Na2C03. Adjust pH to 8.0 with lOM KOH and volume 
to 1 liter with double-distilled water. Autoclave (121 °C, 
20 min) the medium, then add the Na2S • 9H2O and 
Na2C03 (from sterile, anaerobic stocks). Store or incubate 
medium in a gas phase of N2/CO2 (80:20 v/v; 200 kPa). 

Medium for T. suhterranea 



NaCl 


12.0 g 


MgS 04 • 7H2O 


0.5 g 


PIPES (piperazine-A, 


3.4 g 


A'-bis[ethanesulfonic acid]) 


KCl 


2.0 g 


NH4CI 


0.1 g 


CaCl 2 • 2H2O 


25 mg 


K2HPO4 


20 mg 


Trace mineral solution (see 


10 ml 


LA 3 medium) 


Vitamin solution (see Vitamin Solution 


10 ml 


Yeast extract 


0.5 g 


Peptone 


1.0 g 


Resazurin 


1 mg 


Na 2 S • 9H2O 


0.5 g 


H2O, double distilled 


950.0 ml 



Add the Na2S • 9H2O from a sterile, anaerobic stock to 
the autoclaved (121 °C, 20 min) solution of all other com- 
ponents. Adjust the pH to 7.0 with 25% H2S04and the 
volume to 1 liter with double-distilled water. Store or 
incubate medium in an atmosphere of N2 (100 kPa). 

Vitamin Solution (Balch et al., 1979) 



Biotin 2 mg 

Folic acid 2 mg 

Pyridoxine • HCl 10 mg 

Thiamine • HCl 5 mg 

Riboflavin 5 mg 

Nicotinic acid 5 mg 

DL-Calcium pantothenate 5 mg 
Vitamin B12 0.10 mg 

p-Aminobenzoic acid 5 mg 

Lipoic acid 5 mg 

H2O, double distilled 950.0 ml 



Adjust volume to 1 liter with double-distilled water, fllter- 
sterilize, and store in the dark at 4°C. 

Modified MB Medium for T. hypogea 



NaCl 


10.0 g 


NH4CI 


1.0 g 


K2HPO4 


0.3 g 


KH2PO4 


0.3 g 


MgCb 


0.5 g 


CaCl2 


0.1 g 


KCl 


0.2 g 


Trace mineral solution (see 
LA 3 Medium) 


10 ml 



Yeast extract (BD Difco™) 2.0 g 

Bio-Trypcase (bioMerieux) 2.0 g 

Xylan 10.0 g 

Resazurin 1 mg 

Na2C03 2.0 g 

Na2S203 • 5H2O 20 mM 

Cysteine • HCl 0.5 g 

Na2S • 9H2O 0.4 g 

H2O, double distilled 950.0 ml 



Add the Na2C03, Na2S203 • 5H2O, and Na2S • 9H2O (from 
sterile, anaerobic stocks) to the autoclaved (121 °C, 
20 min) solution of the remaining components. Adjust pH 
to 8.0 with lOM KOH and the volume to 1 liter with 
double-distilled water. Store or incubate medium in an 
atmosphere of N2/CO2 (80:20 v/v; 100 kPa). 

Modified DSMZ Medium No. 664 for T. lettingae 



NH4CI 


1.0 g 


K2HPO4 


0.3 g 


KH2PO4 


0.3 g 


MgCb • 6H2O 


0.2 g 


CaCl 2 • 2H2O 


0.1 g 


KCl 


0.1 g 


NaCl 


10.0 g 


Na2C03 


2.0 g 


Na2S203 • 5H2O 


5.0 g 


Yeast extract 


0.5 g 


Glucose 


4.0 g 


Trace mineral solution (see 


10.0 ml 


Trace Mineral Solution [DSMZ 




Medium 141 ]) 




Resazurin 


0.5 mg 


Cysteine • HCl 


0.5 g 


Na 2 S • 9H2O 


0.4 g 


NaHC03 


2.0 g 


H2O, double distilled 


950.0 ml 



Add the Na2C03, Na2S203 • 5H2O, glucose, Na2S • 9H2O, 
and NaHC03 (from a sterile, anaerobic stocks) to an 
autoclaved (121 °C, 20 min) solution of the remaining 
components. Adjust the pH to 7.0 with lOM KOH and the 
volume to 1 liter with double-distilled water. Store or 
incubate medium in an atmosphere of N2/CO2 (80:20 v/v; 
100 kPa). 

Trace Mineral Solution (DSMZ Medium 141) 



Nitrilotriacetic acid 1.5 g 

MgS 04 • 7H2O 3.0 g 

MnS 04 • 2 H 2 O 0.5 g 

NaCl 1.0 g 

FeS04 ' 7H2O 0.1 g 

C0SO4 ' 7 H 2 O 0.18 g 

CaCl2 • 2H2O 0.1 g 

ZnS04 ' 7 H 2 O 0.18 g 

CUSO4 ' 5H2O 0.01 g 

A 1 K(S 04)2 • I2H2O 0.02 g 

H 3 BO 3 0.01 g 

Na2Mo04 • 2H2O 0.01 g 

MCI 2 • 6 H 2 O 0.025 g 

Na 2 Se 03 • 5H2O 0.3 g 

H 2 O, double distilled 950.0 ml 



Prior to adding nitrilotriacetic acid to the other solution 
components, adjust its pH to 6.5 with 5N KOH. Adjust 
pH to 7.0 with 10 M KOH and volume to 1 liter with 
double-distilled water. 
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YE Medium for T. petrophila and T. naphthophila 

Yeast extract 2.0 g 

Na2S • 9H2O 0.4 mM 

Artificial sea water (ASW; see 950.0 ml 

Artificial Sea Water) 

Add the Na2S • 9H2O (from a sterile, anaerobic stock) to 
an autoclaved (121 °C, 20 min) solution of the remaining 
components. Adjust pH to 7.0 with 6M HCl and the vol- 
ume to 1 liter with artificial sea water. Store or incubate 
medium in an atmosphere of N2 (lOOkPa). 



Artificial Sea Water (ASW; Jannasch et al., 1995) 



NaCl 


20.0 g 


MgCb • 6H2O 


3.0 g 


MgS 04 • 7H2O 


6.0 g 


(NH 4 ) 2 S 04 


1.0 g 


CaCb • 2H2O 


0.3 g 


KH2PO4 


0.2 g 


KCl 


0.5 g 


NaBr 


0.05 g 


H3BO3 


0.025 g 


SrCb • 6H2O 


0.02 g 


Ferric ammonium citrate 


0.01 g 


Bis-tris-propane 


2.25 g 


Trace mineral solution (see 


10 ml 


Trace Mineral Solution) 


Vitamin solution (see Vitamin 


10 ml 


Solution) 


Resazurin 


0.6 mg 


H2O, double distilled 


950.0 ml 



Adjust volume to 1 liter with double-distilled water. 



Trace Mineral Solution (Wolin et al., 1963) 



Nitrilotriacetic acid 


1.5 g 


MgS 04 


3.0 g 


MnS04 


0.5 g 


NaCl 


1.0 g 


FeS04 


0.1 g 


C0CI2 


0.1 g 


CaCb 


0.1 g 


ZnS04 


0.1 g 


CUSO4 


0.01 g 


A 1 K(S 04)2 


0.01 g 


H3B03 


0.01 g 


Na2Mo04 


0.01 g 


H2O, double distilled 


950.0 ml 


Adjust volume to 1 liter 


with double-distilled water. 



Vitamin Solution (Bazylinski et al., 1989) 



Niacin 


10 mg 


Calcium pantothenate 


10 mg 


p-Aminobenzoic acid 


10 mg 


Thiamine 


10 mg 


Riboflavin 


10 mg 


Pyridoxine 


10 mg 


Cobalamin 


10 mg 


Thioctic (alpha-lipoic) acid 


10 mg 


Folic acid 


4 mg 


Biotin 


4 mg 


H2O, double distilled 


950.0 ml 



MG Medium for Ts. africanus 

NaCl 18.0 g 

MgS04 • 7H2O 3.45 g 

MgCb • 6H2O 4.30 g 

KCl 0.34 g 

NH4CI 0.25 g 

CaCb • 2H2O 0.14 g 

K2HPO4 ' 3H2O 0.14 g 

(NH4)2pe(S04)2 (0.2%) 1.0 ml 

(NH4)2Ni(S04)2 (0.2%) 1.0 ml 

Sodium acetate • 3H2O 1.0 g 

Trace mineral solution (see: MSH 
Medium) 10 ml 

Vitamin solution (see: T. subterranea 
Medium) 10 ml 

Yeast extract (BD Difco™) 2.0 g 

Peptone (pancreatic digest of casein; 

Merck) (pankreatisch verdaut 
verwendet) 2.0 g 

Resazurin (0.1%) 0.5 ml 

Na2S • 9H2O 0.5 g 

H2O, double distilled 950.0 ml 



Add the trace mineral solution (from a sterile, anaero- 
bic stock) to an autoclaved (121 °C, 20 min) solution of 
the remaining components. Adjust pH to 6.5 with 25% 
formic acid and volume to 1 liter with double-distilled 
water. Store or incubate medium in an atmosphere of 
N2 (300 kPa). 



DSMZ Medium No. 343 for Ts. melanesiensis 



NaCl 


20.0 g 


KH2PO4 


0.5 g 


NiCb ' 6H2O 


2.0 mg 


Trace mineral solution (see 


15.0 ml 


T. lettingae Medium) 


Yeast extract (BD Difco™) 


0.5 g 


Starch 


5.0 g 


Resazurin 


1.0 mg 


Na 2 S • 9H2O 


0.5 g 


Artificial sea water (see: MSH 


250 ml 


Medium) 


H2O, double distilled 


700.0 ml 



Adjust pH to 6.5 with 25% formic acid and volume to 1 
liter with double-distilled water. Store or incubate 
medium in an atmosphere of N2 (100 kPa). 



MJDYP Medium for Ts. japonicus 



Yeast extract 2.0 g 

Trypticase peptone 2.0 g 

Resazurin 1.0 mg 

Na2S • 9H2O 0.5 g 

MJD synthetic water (see 1000.0 ml 

MJD Synthetic Water) 



Adjust pH to 7.5 with 6N HCl. Store or incubate medium 
in an atmosphere of N2 (200 kPa). 



MJD Synthetic Water 



NaCl 


30.0 g 


K2HPO4 


0.14 g 


CaCb • 2H2O 


0.14 g 


MgS04 • 7 H 2 O 


3.4 g 


MgCb • 6H2O 


4.18 g 


KCl 


0.33 g 


NiCb • 6H2O 


0.5 mg 



Filter sterilize and store solution in the dark at 4°C. 
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Na2Se03 • 5 H 2 O 


0.5 mg 


Fe(NH4)2(S04)2 • 6 H 2 O 


0.01 g 


Trace mineral solution (see 


10 ml 


LAS Medium) 




DHV mineral solution (see 


1 ml 


DHV Mineral Solution) 




H 2 O, double distilled 


950.0 ml 


Adjust volume to 1 liter with double-distilled water. 


DHV Mineral Solution 




Na2Si03 • 9 H 2 O 


2.3 g 


SrCl 2 • 6 H 2 O 


1-1 g 


C 0 SO 4 • 7 H 2 O 


1-1 g 


Na2Mo04 • 2 H 2 O 


0.97 g 


MnS 04 • 2 H 2 O 


0.96 g 


MCI 2 • 6 H 2 O 


0.95 g 


Na2W04 • 2 H 2 O 


0.66 g 


ZnS04 • 7 H 2 O 


0.58 g 


CUSO4 • 5 H 2 O 


0.50 g 


VSO 4 ' XH 2 O 


0.25 g 


Na 2 Se 03 


0.17 g 


LiS04 • H 2 O 


0.13 g 


H 2 O, double distilled 


950.0 ml 


Adjust volume to 1 liter with double-distilled water. 


Medium for Ts. geolei 




NaCl 


15.0 g 


MgCl 2 ' 6 H 2 O 


0.5 g 


PIPES 


3.4 g 


KCl 


0.2 g 


NH 4 CI 


1.0 g 


CaCl 2 • 2 H 2 O 


0.1 g 


K 2 HPO 4 


0.35 g 


KH 2 PO 4 


0.35 g 


Sodium acetate • 3 H 2 O 


2.72 g 


Yeast extract 


2.0 g 


Bio-Trypcase (bioMerieux) 


2.0 g 


Resazurin 


1.0 mg 


Maltose 


2.0 g 


Na2S • 9 H 2 O 


1.0 g 


H 2 O, double distilled 


950.0 ml 


Add the maltose and Na 2 S • 


9 H 2 O (from sterile, anaerobic 


stocks) to an autoclaved (121°C, 20 min) solution of the 


remaining components. Adjust pH to 7.0 with 5M HCl 


and volume to 1 liter with double-distilled water. Store or 


incubate medium in an atmosphere of N 2 (100 kPa). 


TYEG Medium for R nodosum, F islandicum and 


E gondwanense 




NH 4 CI 


0.9 g 


MgCl 2 • 6 H 2 O 


0.2 g 


KH 2 PO 4 


0.75 g 


K 2 HPO 4 


1.5 g 


FeS 04 ' 7 H 2 O ( 10 %) 


0.03 ml 


Trace mineral solution (see 


9.0 ml 


Trace Mineral Solution) 




Vitamin solution (see 


5.0 ml 


T. subterranea Medium) 




Yeast extract (BD Difco™) 


3.0 g 


Peptone (from tryptically digested 10.0 g 


meat; Merck) 




Glucose 


5.0 g 


Resazurin (0.2%) 


1.0 ml 


Na2S • 9 H 2 O 


1.0 g 


H 2 O, double distilled 


950.0 ml 



Add the vitamin solution and glucose (from a sterile, 
anaerobic stock) to an autoclaved (121 °C, 20 min) 
solution of the remaining components. Adjust pH to 7.2 
with 25% H 2 SO 4 and the volume up to 1 liter with double- 


distilled water. Store or 


incubate medium in an 


atmosphere of N 2 (300 kPa). 


Trace Mineral Solution (Patel et al., 1985a) 


Nitrilotriacetic acid 


12.5 g 


FeCl 3 • 4H2O 


0.2 g 


MnCl 2 • 4H2O 


0.1 g 


C 0 CI 2 • 6 H 2 O 


0.017 g 


CaCl 2 • 2H2O 


0.1 g 


ZnCl 2 


0.1 g 


CUCI 2 


0.02 g 


H3BO3 


0.01 g 


Na 2 Mo 04 • 2H2O 


0.01 g 


NaCl 


1.0 g 


Na2Se03 


0.02 g 


H 2 O, double distilled 


950.0 ml 


Prior to adding to the trace mineral solution, adjust pH 
of the nitrilotriacetic acid to 6.5 with 5N KOH. Adjust pH 
of the trace mineral solution to 6.5 with 5N KOH and 
the volume of the trace mineral solution to 1 liter with 
double-distilled water. Store medium at 4°C in the dark. 


TF Medium for E pennivorans 


NH 4 CI 


0.50 g 


MgS04 • 7 H 2 O 


0.16 g 


K 2 HPO 4 


1.6 g 


NaH 2 P 04 • H2O 


1.0 g 


CaCl2 • 2H2O 


0.06 g 


Trace mineral solution (see: 


10 ml 


LA3 Medium) 
Vitamin solution (see 


10 ml 


T. subterranea Medium) 
Yeast extract 


2.0 g 


Trypticase 


2.0 g 


Resazurin 


1 mg 


Na 2 S • 9H2O 


0.3 g 


Cysteine • HCl 


0.3 g 


Glucose or starch 


3.0 g 


H 2 O, double distilled 


950.0 ml 



Add the CaCl 2 • 2 H 2 O (from a sterile, anaerobic stock) to 
an autoclaved (121 °C, 20 min) solution of the remaining 
components. Adjust pH to 6.8 with ION KOH and the 
volume up to 1 liter with double-distilled water. Store or 
incubate medium in an atmosphere of N 2 . 

MSH Medium for R miotherma, G. petraea and G. 
subterranea 

I See MSH Medium for T. maritima and T. neapolitana 
Medium for R mobilis 



NaCl 


30.0 g 


MgS04 • 7 H 2 O 


7.0 g 


KCl 


0.34 g 


NH 4 CI 


0.25 g 


CaCl 2 • 2 H 2 O 


0.14 g 


KH 2 PO 4 


0.14 g 


Yeast extract (BD Difco™)* 


0.2 g 


Trace element solution SL-10 (see 


1.0 ml 


Trace Element Solution SL-10) 




Vitamin solution (see 


10 ml 



T subterranea Medium)* 
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Resazurin (0.02%) 0.5 ml 

Na2S • 9H2O (0.5 M) 4 ml 

H2O, double distilled 950.0 ml 

Add the yeast extract and the vitamin solution (from a 
sterile, anaerobic stock) to an autoclaved (121 °C, 20 min) 
solution of the remaining components. Adjust pH to 6.5 
with 6M HCl and the volume up to 1 liter with double- 
distilled water. Store or incubate medium in an atmo- 
sphere of argon (200 kPa). 



Trace Element Solution SL-10 (Widdel et al., 1983) 



HCl (25% w/w, 7.7 M) 


10 ml 


FeCb • 4 H 2 O 


1.5 g 


C0CI2 • 6H2O 


190 mg 


MnCb • 4 H 2 O 


100 mg 


ZnCb 


70 mg 


H3BO3 


6 mg 


Na2Mo04 • 2 H 2 O 


36 mg 


NiCb • 6H2O 


24 mg 


CuCb • 2 H 2 O 


2 mg 


H2O, double distilled 


950.0 ml 


Adjust volume up to 1 liter with double-distilled water. 


Medium for R olearia and R sibirica 


NaCl 


25.0 g 


MgCb • 6H2O 


0.5 g 


PIPES 


3.4 g 


KCl 


0.2 g 


NH4CI 


1.0 g 


CaCb • 2 H 2 O 


0.1 g 


K2HPO4 


0.35 g 


KH2PO4 


0.35 g 


Peptone 


1.5 g 


Tryptone 


1.5 g 


Yeast extract 


1.5 g 


Maltose 


2.0 g 


Resazurin 


1.0 mg 


Na2S • 9 H 2 O 


1.0 g 


H2O, double distilled 


950.0 ml 



Add the maltose and Na2S • 9H2O (from sterile, anaerobic 
stocks) to an autoclaved (121 °C, 20 min) solution of the 
remaining components. Adjust pH to 7.0 with 5M HCl 
and the volume up to 1 liter with double-distilled water. 
Store or incubate medium in an atmosphere of N2 
(100 kPa). 

YPCS Medium for M. camini 

Yeast extract (BD Difco™) 0.5 g 

Peptone (BD Difco™) 1.0 g 

Cellobiose (Sigma- Aldrich) 5.0 g 

Sea salt (Sigma-Aldrich) 30.0 g 

PIPES buffer (Sigma-Aldrich) 6.05 g 

Resazurin 1.0 mg 

Na2S • 9H2O 0.5 g 

H2O, double distilled 950.0 ml 

Adjust pH to 7.5 with 5M HCl and the volume up to 
1 liter with double-distilled water. Store or incubate 
medium in an atmosphere of N2/H2/CO2 (90:5:5 v/v/v, 
100 kPa). 

RC-i- Medium for M. piezophila 

NaCl 30.0 g 

MES (2-[A-morpholino]ethanesulfonic 10 mM 

acid); Sigma-Aldrich) 

NH4CI 1.0 g 



K2HPO4 0.3 g 

MgCb • 6H2O 0.2 g 

CaCb ' 2H2O 0.1 g 

KCl 0.1 g 

Sodium acetate • 3H2O 0.83 g 

Yeast extract (BD Difco™) 5.0 g 

Bio-Trypcase (BD Difco™) 5.0 g 

Maltose (Sigma-Aldrich) 20 mM 

L-Cystine 12.0 g 

Resazurin 1.0 mg 

Na2S • 9H2O 0.5 g 

H2O, double distilled 950.0 ml 



Add the L-cystine and Na2S • 9H2O (from sterile, anaer- 
obic stocks) to an autoclaved (121 °C, 20 min) solution of 
the remaining components. Adjust pH to 6.0 with 5M HCl 
and the volume up to 1 liter with double-distilled water. 
Store or incubate medium in an atmosphere of N2/H2/CO2 
(90:5:5 v/v/v, 100 kPa up to 40 MPa). 



Preservation 

Under anaerobic conditions, members of the 
Thermotogales can be stored for several months 
at 4°C. For long-term preservation, storage at 
-140°C in liquid nitrogen in the presence of 
5% dimethylsulfoxide is recommended (Malik, 
1999). No loss of cell viability of Thermotoga, 
Thermosipho and Fervidohacterium was 
observed after storage over a period of more 
than ten years. Thermotoga suhterranea was 
stored at -80°C in the same medium containing 
20% (w/v) glycerol (Jeanthon et al., 1995). 



Physiology 

Members of the Thermotogales are strictly 
anaerobic, extremely thermophilic or hyperther- 
mophilic bacteria with optimal growth in the 
neutral pH range (Huber and Stetter, 1999; 
Table 2). With an optimal growth temperature 
around 80°C and a maximum growth tempera- 
ture of 90°C, the hyperthermophilic species T 
maritima and T neaplitana represent the organ- 
isms with the highest growth temperatures 
within the order. Growth of some Thermotogales 
species is restricted to low salinity, while other 
species exhibit a broad salt tolerance, reflecting 
their adaptation to the natural biotope (Huber 
and Stetter, 1992a; Huber and Stetter, 1999; 
Table 2). Detailed physiological properties of the 
Thermotogales are listed in Table 2. 

All members of the Thermotogales are strict 
organotrophs, fermenting preferentially simple 
and complex carbohydrates or complex organic 
matter (Table 3). When grown on defined carbon 
sources, the addition of yeast extract and/or 
peptone/bio-trypticase to the medium is often 
stimulatory or required for growth (Table 3; see 
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also Culture Media). In addition, cell homoge- 
nates of bacteria (e.g., Lactobacillus bavaricus) 
and archaea (e.g., Pyrodictium brockii) can be 
used as substrates (Huber et al., 1986). Further- 
more, T. lettingae is able to degrade methanol, 
but only in the presence of yeast extract, which 
is required for growth (Balk et al., 2002). 

With glucose as growth substrate, Thermoto- 
gales representatives form L(-h) -lactate, acetate, 
ethanol, L-alanine, carbon dioxide, and hydro- 
gen as major final products. Some of the isolates 
form traces of isovaleric acid, isobutyric acid, 
alpha-aminobutyrate, hydroxy-phenylacetate 
and phenylacetate in addition. The L-alanine 
production of members of the Thermotogales is 
a trait in common with members of the archaeal 
order Thermococcales. Therefore, it has been 
proposed that L-alanine production from sugar 
fermentation is a remnant of an ancestral metab- 
olism (Ravot et al., 1996a). The pathway of argi- 
nine synthesis is the only biosynthetic reaction 
studied in the Thermotogales so far. Thermotoga 
maritima generates arginine from glutamate via 
A^-acetylated intermediates in an eight-step path- 
way, as in mesophilic bacteria (Van de Casteele 
et al., 1990). 

Thermotoga maritima degrades glucose 
mainly via the Embden-Meyerhof glycolytic 
pathway and, to a lesser extent, via the Entner- 
Doudoroff pathway (Schroder et al., 1994; Selig 
et al., 1997). In T neapolitana, it was shown that 
D-glucose is taken up via an active transport sys- 
tem, energized by an ion gradient. This gradient 
is generated by ATP, derived from substrate- 
level phosphorylation (Galperin et al., 1996). 
The role of this gradient is not known since glu- 
cose (and maltose) periplasmic binding proteins 
appear to be involved in transport (Nanavati et 
al., 2002). 

Hydrogen, which accumulates during fermen- 
tation processes, can be a potent inhibitor of 
growth of the Thermotogales. This inhibition can 
be overcome by the addition of sulfur or inor- 
ganic sulfur-containing compounds, depending 
on the species. Under these culture conditions, 
H 2 S is formed as final product. Therefore, H 2 S 
formation may be a kind of detoxification reac- 
tion of H 2 (Huber et al., 1986; Huber et al., 
1992a). A general trait of different Thermoto- 
gales is the production of H 2 S when grown in the 
presence of thiosulfate, except for Ts. geolei, M. 
piezophila, R olearia and P. sibirica (Ravot et al., 
1995; L’Haridon et al., 2001; L’Haridon et al., 
2002; Alain et al., 2002). In addition to removal 
by sulfurous compounds, hydrogen can be 
removed by gassing the media with nitrogen or 
argon (Huber et al., 1986; Huber and Stetter, 
1999) or by interspecies hydrogen transfer dur- 
ing cocultivation of the Thermotogales with 
hydrogen-consuming hyperthermophiles (e.g.. 



Methanococcus , Methanopyrus, Archaeoglobus 
or Ferroglobus; Huber et al., 2000). 

Recently, respiratory growth of T maritima 
had been reported, with hydrogen as electron 
donor and Fe(III) as the electron acceptor, form- 
ing Fe(II) as final product (Vargas et al., 1998). 
In contrast, growth of T maritima with similar 
doubling times and final cell densities, in the 
absence of both hydrogen and Fe(III) in the 
same culture medium, was observed (Huber and 
Stetter, 2001a). Furthermore, when T maritima 
was cultivated in the presence of hydrogen 
(100 kPa) and Fe(III), Fe(II) was formed without 
obvious growth stimulation (Huber and Stetter, 
2001a). These results indicate that T maritima 
may not gain energy by iron-respiration but may 
use Fe(III) in place of sulfur as an additional 
electron sink to get rid of inhibitory hydrogen 
during fermentation (Huber et al., 1986; 
Schroder et al., 1994). 

Different low-molecular-weight organic com- 
pounds, serving as compatible solutes, are 
present in the different members of the Thermo- 
togales (Martins et al., 1996; Ramakrishnan et 
al., 1997). However, the accumulation of solutes 
in response to either salt stress or supraoptimal 
temperatures is restricted to Thermotogales spe- 
cies that grow in saline media containing over 
0.4% sodium chloride (Martins et al., 1996). 

An enormous variety of enzymes (and pro- 
teins) from the order Thermotogales, especially 
T maritima, has been isolated and intensively 
studied since the late 1980s. In general, these 
enzymes exhibit a high thermostability, with 
denaturation temperatures often above the 
optimum growth temperature of the bacterium. 
Despite the strict anaerobic nature of T marit- 
ima, these enzymes are apparently not oxygen 
sensitive. A comprehensive overview of the bio- 
chemistry and biophysics of these “hyperthermo- 
philic enzymes and proteins” was published 
recently in volumes 330, 331 and 334 of Methods 
in Enzymology (2001). 

Genetics 

So far, the only plasmids discovered in the Ther- 
motogales are in Thermotoga sp. RQ7, an isolate 
obtained from the hot sea-floor of Ribeira 
Quente (the Azores), and in Thermotoga marit- 
ima MC24, an isolate from hydrothermal vents 
near the Kuril Islands (Huber et al., 1986; 
Harriott et al., 1994; Akimkina et al., 1999). These 
small cryptic miniplasmids, pRQ7 and pMC24, 
are very closely related and were shown to be the 
smallest natural replicon so far described 
(846 bp). Both were shown to be negatively 
supercoiled (Harriott et al., 1994; Akimkina 
et al., 1999). T^e plasmid pRQ7 replicates by the 
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rolling-circle mechanism (Yu and Noll, 1997). 
With pRQ7, a vector system was developed and 
a genetic transformation of T. maritima and T. 
neapolitana spheroplasts was achieved using 
cationic liposomes (Yu et al, 2001). 

For genetic studies, auxotrophic and 
antimetabolite-resistant mutants of T. neapoli- 
tana have been isolated by the use of mutagenic 
agents (Vargas and Noll, 1994). 

The rather small, 1.8-Mb genome from T 
maritima has been sequenced at The Institute for 
Genomic Research (TIGR; Rockville, MD, 
USA; Nelson et al., 1999). It is a single circular 
chromosome and contains 1877 predicted cod- 
ing regions. Fifty-four percent of these coding 
regions have functional assignments, while 46% 
are of unknown function (Nelson et al., 1999; 
Nelson et al., 2001). Genome analysis has iden- 
tified metabolic pathways involved in the degra- 
dation of sugar and plant polysaccharides. About 
7% of the predicted codon sequences in the 
genome are involved in the metabolism of simple 
and complex sugars, a percentage more than 
twice that seen in the genomes of other bacteria 
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or archaea (Nelson et al., 2001). The metabolism 
and transport in T. maritima (Fig. 11) were elu- 
cidated from the genome sequence data. 

Comparison of total genome sequences of dif- 
ferent organisms showed that about 24% of the 
T. maritima genes are of archaeal origin (Nelson 
et al., 1999). Therefore, the authors have claimed 
that hyperthermophilic archaea and bacteria 
have often exchanged genes, particularly by lat- 
eral gene transfer (Aravind et al., 1998; Nelson 
et al., 1999; see chapter on Aquificales in this 
Volume). On the other hand, it was argued 
that if Thermotoga (and Aquifex; see chapter on 
Aquificales in this Volume) are truly deep 
branching, it is equally parsimonious to suppose 
that some of the genes are primitive features 
shared by these hyperthermophilic bacteria with 
archaea. They have retained ancestral genes that 
have since been lost in most bacteria as they 
adapted to mesophilic environments (Kyrpides 
and Olson, 1999; Logsdon and Faguy, 1999). 
On the basis of recent phylogenetic analyses of 
archaeal genes in different bacteria, it was 
hypothesized that lateral gene transfer in hyper- 




Fig. 11. Overview of metabolism and transport in Thermotoga maritima. Pathways for energy production and the metabolism 
of organic compounds, acids and aldehydes are shown. (From Nelson et al., 1999, with permission from Nature, http:// 
www.nature.com.) 
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thermophiles may be as much the consequence 
as the cause of adaptation to hyperthermophily 
(Nesb0 et al, 2001). By using suppressive sub- 
tractive hybridization, extensive genomic diver- 
sity in T. maritima was reported recently and 
frequent lateral gene transfer within the order 
Thermotogales was suggested (Nesbp et al, 
2002 ). 

Very recently, a high-throughput structural 
genomics pipeline and its application to the pro- 
teome of T. maritima were designed and imple- 
mented. By using this pipeline, 1376 of the 
predicted 1877 genes (73%) were successfully 
cloned, their expression was attempted, and the 
crystallization conditions for 432 proteins (23% 
of the T. maritima proteome) were identified 
(Lesley et al., 2002). 



Biotechnology 

Enzymes active at high temperatures are sought 
for industrial processes. Intra- and extracellular 
enzymes of Thermotogales are highly thermo- 
stable and might be of great interest as biocata- 
lysts, e.g., in the chemical or food industry. A 
recombinant xylanase from T. maritima was 
shown to be active for several hours at 100°C and 
efficient in releasing lignin from kraft pulp (Chen 
et al., 1997). Therefore, such xylanases have a 
high potential for use in the pulp and paper 
industry. Highly thermostable amylases might be 
used in starch processing and high-temperature 
glucose isomerases in the production of corn 
syrup. From T. maritima, the recombinant 
Ultma™ DNA polymerase with proofreading 
activities is commercially available. The 70-kDa 
enzyme is highly thermostable and has a half-life 
of 40-50 min at 97.5°C. In addition, the sequenc- 
ing of the total genome of T. maritima makes 
available the use of its genes as tools for a variety 
of biotechnological applications (Nelson et al., 
2001 ). 
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Aquificales 

ROBERT HUBER AND WOLFGANG EDER 



Introduction 

Members of the order Aquificales represent a 
very deep phylogenetic branch within the 16S 
rRNA tree of the domain Bacteria. Within the 
order, members of the genus Aquifex have an 
upper temperature border of growth at 95°C and 
represent the bacteria with the highest growth 
temperatures known so far. Aquificales repre- 
sentatives are widespread and cosmopolitan, and 
they thrive mainly in volcanically or geother- 
mally heated environments. Owing to their 
chemolithoautotrophic way of life, they are pri- 
mary producers of bacterial biomass within high 
temperature ecosystems. In their energy-yielding 
reactions, they preferentially perform the 
“Knallgas” reaction, the oxidation of hydrogen 
and reduction of oxygen. 

Phylogeny 

By 16S rRNA gene sequence comparisons, it was 
shown that the Aquificales represent one of the 
deepest and earliest branching groups within the 
phylogenetic tree (Burggraf et al., 1992; Huber 
et al., 1992b; Fig. 1) along with the separate phy- 
logenetic branch of the Thermotogales order 
(Huber and S tetter, 1992a; Huber and Stetter, 
1999b; see also Thermotogales in this Volume). 
However, phylogenetic analysis of other gene 
and protein sequences of the genus Aquifex 
showed that placement with respect to other bac- 
terial groups was variable (Acca et al., 1994; 
Klenk et al., 1994; Wetmur et al., 1994; Bocchetta 
et al., 1995; Bocchetta et al., 2000; Brown and 
Doolittle, 1995; Baldauf et al., 1996; Pennisi, 
1998; Pennisi, 1999; Klenk et al., 1999; Snel et al., 
1999; Schfitz et al., 2000). Also the analysis of 
different genes from the completely sequenced 
genome of ‘‘Aquifex aeolicus'' gave no consistant 
picture of the Aquificales phylogeny (Deckert et 
al., 1998). 



Taxonomy 

Recently, the phylum Aquificae, consisting of 
a single class and the single order Aquificales, 
was created (Reysenbach, 2001). Based on 16S 
rRNA gene sequence comparisons, the Aquifi- 
cales are composed of the Aquificaceae and the 
“Hydrogenothermaceae” (Fig. 1). Within the 
“Hydrogenothermaceae,” the only cultivated 
representatives are isolate EX-Hl and Hydro- 
genothermus marinus VMl {Ht. marinus; 
Reysenbach et al., 2000a; Eder and Huber, 2002; 
Stohr et al., 2001; Fig. 1). In addition, the new 
family contains environmental sequences from 
different locations on earth (Hugenholtz et al., 
1998; Yamamoto et al., 1998; Reysenbach et al., 
2000b; Reysenbach et al., 2000c; Skirnisdottir et 
al., 2000; Graber et al., 2001). Within the Aquifi- 
caceae, the genera Calderobacterium (Kryukov 
et al., 1983), Hydrogenobacter (Kawasumi et al., 
1984), Aquifex (Huber et al., 1992b), Hydro- 
genobaculum (Stohr et al.,2001) and Thermocri- 
nis (Huber et al., 1998) have been described. 
Calderobacterium is very similar to Hydrogeno- 
bacter in phylogenetic, phenotypic and biochem- 
ical properties, which resulted in the transfer of 
C. hydrogenophilum to Hydrogenobacter hydro- 
genophilus comb. nov. (Stohr et al., 2001), as 
previously proposed with the “ Hydro genobacter- 
Calderobacterium'' group (Aragno, 1992b; 
Pitulle et al., 1994). Within the Aquificaceae, the 
acidophilic Hydrogenobacter acidophilus forms a 
separate lineage (Shima et al., 1994; Fig. 1). 
Owing to its phylogenetic position and its low pH 
optimum for growth, Hydrogenobacter acidophi- 
lus was recently reclassified and named Hydro- 
genobaculum acidophilum (Hb. acidophilum; 
Stohr et al., 2001). One genus, Desulfurobacte- 
rium, was provisionally placed within the phylum 
Aquificae, but may represent another, currently 
undefined phylum (Reysenbach, 2001). In Table 
1, representatives belonging to the different gen- 
era within the Aquificales are listed. 
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Escherichia coii, J0 1695 
Paracoccus denitrificans, X69159 






Streptomyces ambofaciens, M27245 
Baciiius subtiiis, D26^85 
Fervidobacterium nodosum, M59177 
Thermotoga maritima, M2 1774 

KTK36, AJ133618 

Desuifurobacterium thermoiithotrophum, AJ001049 
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Thermovibrio rubrum, AJ31 661 9 
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Hydrogenobacter thermophiius T3, Z301 89 
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Fig. 1. 16S rRNA-based phylogenetic tree of the Aquificales. The tree topology is based on the ARB database (http:// 
www.arb-home.de) of 11,000 sequence entries and was reconstructed using the ARB parsimony tool. A filter defining positions 
that share identical residues in at least 50% of all included sequences from the Aquificales was used for reconstructing the 
tree. Multifurications indicate that a (statistically) significant relative branching order could not be determined or is not 
supported by other treeing methods. Reference sequences were chosen to represent the broadest diversity of bacteria. 
Accession numbers for the sequences are indicated. The scale bar represents 0.10 fixed mutations per nucleotide position. 
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Table 1. List of the different representatives within the Aquificales. 



Species 


Culture collection 


16S rDNA 
accession number 


References 


Aquifex pyrophilus Kol5a^ 


DSM 6858 


M83548 


Huber et al., 1992 


‘Aquifex aeolicus” VF5 


— 


AJ309733 


Huber and Stetter, 2001 


Hydrogenobacter thermophilus TK-6^ 


DSM 6534; lAM 12695 


Z30214 


Kawasumi et al., 1984 


Hydrogenobacter thermophilus T3 


— 


Z30189 


Bonjour and Aragno, 1986 
Pitulle et al., 1994 


Hydrogenobacter subterraneus 


JCM 10560 


AB026268 


Takai et al., 2001 


HGPl’^ 


Hydrogenobacter halophilus TH-112 


— 


— 


Nishihara et al., 1990 


Hydrogenobacter hydrogenophilus 
Z-829^ 


DSM 2913; JCM 8158 


Z30242 


Kryukov et al., 1983 
Stohr et al., 2001 


(formerly: Calderobacterium 
hydrogenophilum) 


Hydrogenobaculum acidophilum 
3H-V 


DSM 11251; JCM 8795 


D16296 


Shima and Suzuki, 1993 
Stohr et al., 2001 


(formerly: Hydrogenobacter 
acidophilus) 


Hydro genothermus marinus VMl^ 


DSM 12046; JCM 10974 


AJ292525 


Stohr et al., 2001 


Thermocrinis ruber OC 1/4^ 


DSM 12173 


AJ005640 


Huber et al., 1998 


Thermocrinis albus HI 11/12 


DSM 14484; JCM 11386 


AJ278895 


Eder and Huber, 2002 



Abbreviations: type strain; DSM(Z), Deutsche Sammlung von Mikroorganismen und Zellkulturen, Braunschweig, Deut- 

schland; lAM, Institute of Applied Microbiology, University of Tokyo, Tokyo, Japan; and JCM, Japan Collection of Micro- 
organisms, RIKEN, Saitama, Japan. 



Habitat 



Almost all cultivated members of the Aquificales 
have been found in geothermally and volcani- 
cally heated environments. Hydrogenobacter and 
Thermocrinis relatives have been isolated mainly 
from continental solfatara fields with low ionic 
strength. In contrast, members of the genus 
Aquifex have been obtained exclusively from 
marine hydrothermal systems (Huber and 
Stetter, 1999b; Eder and Huber, 2002). 

Hydrogenobacter thermophilus TK-6 was orig- 
inally isolated from a hot spring in Japan, 
whereas H. hydrogenophilus was obtained from 
a thermal spring in the Geyser Valley, Kam- 
chatka, Russia (Kryukov et al., 1983; Kawasumi 
et al., 1984). Organisms similar to Hydrogeno- 
bacter were subsequently isolated from other 
geothermal areas, located in Iceland, Italy, Japan, 
the Azores, the United States and New Zealand 
(Kawasumi et al., 1984; Kristjansson et al., 1985; 
Bonjour and Aragno, 1986; Aragno, 1992b; 
Skirnisdottir et al., 2001). Hydrogenobacter ther- 
mophilus T3 was obtained from a geothermal 
spring in Tuscany, Italy (Bonjour and Aragno, 
1986; Pitulle et al., 1994). Recently, new Hydro- 
genobacter isolates were reported, which were 
isolated from Pemba (Lake Tanganyika), 
Kamchatka (Russia), Pozzuoli (Italy) and 
Baden-Baden (Germany; Eder and Huber, 
2002). From a deep subsurface geothermal water 
pool (depth: 1,500 m), the new species H. subter- 



raneus was isolated recently (Takai et al., 2001). 
The only halophilic strain within the genus 
Hydrogenobacter, H. halophilus, was obtained 
from a seaside saline hot spring in Izu Peninsula, 
Japan (Nishihara et al., 1990). Further, Hydro- 
genobacter relatives were cultivated from hot 
compost (Beffa et al., 1996). 

Hydrogenobaculum acidophilum was origi- 
nally isolated from a solfataric field in Tsumagoi, 
Japan (Shima and Suzuki, 1993). Recently, 
another acidophilic Hydrogenobaculum isolate 
was isolated from an acidic hot spring of Norris 
Geyser Basin, Yellowstone National Park, Wyo- 
ming, United States. This indicates that acido- 
philic Aquificales form a phylogenetically tight 
group and are widely distributed (Eder and 
Huber, 2002; Fig. 1). 

In nature, members of the genus Thermocrinis 
grow in large, streamer-like cell accumulations, 
macroscopically visible as bacterial masses thriv- 
ing in the hot water current. From biomass of 
pink filamentous streamers (“pink filaments”) 
occurring in the upper outflow channel (temper- 
ature: 82-88°C) of Octopus Spring, Yellowstone 
National Park, Wyoming (Brock, 1967; Brock, 
1978; Brock, 1998; Marler, 1973), the type spe- 
cies Thermocrinis ruber {T ruber) was isolated 
(Huber et al., 1998). A second species was 
obtained from grayish filaments present in the 
volcanic Hveragerthi area (temperature: up to 
88°C), Iceland, and described as Thermocrinis 
albus (Huber et al., 1998; Eder and Huber, 2002; 
Fig. 1). Further, so far undescribed Thermocrinis 
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isolates have been obtained from grayish- 
colored cell masses taken in the Uzon Valley 
(temperature: 75-80°C), Kamchatka, Russia, 
and from whitish filaments of a hot spring (tem- 
perature: 72°C) in Graendalur, Iceland (Eder 
and Huber, 2002). Moreover, environmental 16S 
rRNA gene sequences related to Thermocrinis 
were derived from water samples and different 
filamentous streamers of hot springs 
(Reysenbach et al., 1994; Skirnisdottir et al, 
2000; Graber et al, 2001; Marteinsson et al., 
2001a; Marteinsson et al., 2001b; Takacs 
et al., 2001). However, Thermocrinis relatives 
were also frequently found in usual hot ponds of 
Iceland and in Yellowstone National Park 
(United States), not containing visible streamers. 
This indicates that these organisms, in addition 
to their ability to form streamers, may play in 
general an important role in high temperature 
ecosystems (Huber et al, 1998; Huber et al, 
2000b; Eder and Huber, 2002). 

Within the marine genus Aquifex, the type 
species Aquifex pyrophilus {A. pyrophilus) was 
originally isolated from a submarine hydrother- 
mal vent system (depth: 106 m) at the Kolbeinsey 
Ridge north of Iceland (Huber et al., 1992b). A 
further species, “A. aeolicusf was obtained from 
a shallow submarine hydrothermal system at 
Vulcano, Italy (Huber and S tetter, 2000a). Novel 
Aquifex relatives were isolated from white 
Anhydrite Smokers with temperatures up to 
250°C, detected at a depth of 400 m near Grim- 
sey Island, north of Iceland, and from a coastal 
hot spring in Obock, Gulf of Tadjoura, Djibouti 
(Huber and Stetter, 1999b; Eder and Huber, 
2002 ). 

From a shallow marine hydrothermal area of 
Vulcano Island, Italy, Hydrogenothermus mari- 
nus was isolated, whereas isolate EX-Hl was 
obtained from sulfide chimneys, taken in a deep- 
sea hydrothermal system at the Mid-Atlantic 
Ridge (Reysenbach et al., 2000a; Stohr et al., 
2001 ). 

Isolation 

To enrich cultures for Aquificales, inorganic, liq- 
uid media and a pH around 7 (3.5 for Hb. acido- 
philum) are recommended. Depending on the 
environment sampled, either media with low 
ionic strength or sea water media can be used 
(Table 2; for details, see Culture Media). Owing 
to the microaerophilic nature of most Aquifi- 
cales, the enrichment cultures should contain a 
gas mixture with reduced oxygen content (for 
details, see Culture Media). For the enrichment 
of a particular member of the Aquificales, an 
incubation temperature close to the optimal 
growth temperature is recommended (Table 2). 



Owing to the high incubation temperature and 
the use of inorganic media, the enrichments are 
selective and Aquificales should be obtained. 
Alternatively, Thermocrinis species might be 
selectively enriched in a medium at 85°C, con- 
taining formamide or formate as single carbon 
and energy sources (Huber et al., 1998; Eder 
and Huber, 2002). The enrichment media are 
incubated with original sampling material (e.g., 
water, sediment, mud, and microbial streamer 
biomass) and monitored for growth over a cer- 
tain period (e.g., two weeks) by phase contrast 
microscopy. When rod-shaped cells become visi- 
ble in the enrichments, the isolates are obtained 
by plating or by the use of “optical tweezers.” 

For plating, a stainless steel anaerobic jar and 
microaerophilic incubation conditions might be 
used (Balch et al., 1976). The media are solidified 
with 1-1.5% Gelrite (Roth, Karlsruhe, Ger- 
many; Kang et al., 1982; Huber et al., 2000c), and 
the plates are incubated at the corresponding 
temperature. Colony formation of Hydrogeno- 
hacter thermophilus TK-6 with very low plating 
efficiencies have been reported (Ishii et al., 
1987). As an alternative, Hydrogenobacter 
relatives can be isolated on 2.5% agar plates 
and thiosulfate, incubated either under a H 2 - 
containing gas mixture or under air (Alfredsson 
et al., 1986; Aragno, 1992a). Aquifex species and 
Thermocrinis ruber grow well on Gelrite plates, 
and with ‘‘Aquifex aeolicusf plating efficiences 
up to 100% were obtained. Aquificales colonies 
are round with a diameter of about 1 mm. Colo- 
nies of the Aquifex species are brownish yellow, 
of T ruber brownish red, while colonies of 
Hydrogenobacter relatives appear bright yellow. 
Hydrogenothermus marinus was obtained by 
serial dilutions; no plating procedure for isola- 
tion was reported (Stohr et al., 2001). 

From liquid cultures, Aquificales also can be 
isolated by a plating-independent isolation pro- 
cedure (selected cell cultivation technique; Beck 
and Huber, 1997; Huber et al., 1998; Eder and 
Huber, 2002). This method is based on optical 
trapping of single cells by the use of a strongly 
focused infrared laser beam (“optical tweezers”; 
Huber et al., 1995; Huber et al., 2000c; Huber, 
1999a; see Thermoproteales in Volume 3). 

Identification 

Members of the Aquificales are nonspore- 
forming, Gram-negative rods. Cells of Hydro- 
genobacter are about 0.3-0.9 x 2.0-8.0 qm 
(Reysenbach, 2001; Takai et al., 2001), while the 
Aquifex cells have a length between 2.0 and 
6.0 pm and a diameter of 0.4-0.5 pm (Huber and 
Stetter, 2000a; Huber et al., 2000b). Members 
of Hydrogenobacter, Hydrogenobaculum, Ther- 
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Table 2. Physiological properties of different representatives within the Aquificales. 



Species 


G-fC content 
(mof%) 


Temperature 
optimum (°C) 


Temperature 
range (°C) 


pH 

Optimum 


pH range 


NaCi 

optimum (%) 


NaCi 
range (%) 


Aquifex pyrophilus 
KolSa’^ 


4?a 


85 


67-95 


6.8 


5.4-7.5 


3 


1-5 


“Aquifex aeolicus” 
VF5 


43.4” 


85-90 


58-95 


6.5-7.0 


5.5-8.0 


3 


n.d. 


Hydro genobacter 
thermophilus 
TK-6^ 


43.5-43.9 

38.3" 


70-75 


50-78 


7.0 


Neutrai 


n.d. 


n.d. 


Hydro genobacter 
thermophilus T3 


39.9" 


75 


n.d-85 


7.0 


5.0-8.0 


n.d. 


n.d. 


Hydro genobacter 
subterraneus 
HGPl 


44.7 


78 


60-85 


7.5 


5.5-9.0 


n.d. 


n.d. 


Hydro genobacter 
halophilus 
TH-112 


46 


70 


60-75 


7.0-7.5 


n.d. 


1.75-2.9 


<5.8 


Hydro genobacter 
hydrogenophilus 
Z-829 


39-41 

37.5 


74-76 


50-82 


6.0-7.0 


n.d. 


n.d. 


n.d. 


Hydro genobaculum 
acidophilum 3H-1^ 


35 


65 


50-70 


3.0-4.0 


2.0-6.0 


n.d. 


n.d. 


Hydrogenothermus 
marinus VMl^ 


45 


65 


45-80 


n.d. 


5-7 


2-3 


0.5-6 


Thermocrinis ruber 
OC 1/4^ 


47.5 


80 


44-89 


n.d. 


Neutrai/ 

slightly 

aikaiine 


n.d. 


<0.4 


Thermocrinis albus 
HI 11/12 


49.6 


n.d. 


55-89 


n.d. 


Neutrai 


n.d. 


<0.8 



Abbreviations: type strain; and n.d. = not determined. 

""Huber and Stetter, 2000. 

*"Deckert et al., 1998. 

Titulle et al., 1994. 



Fig. 2. Scanning electron micrograph 
of long filaments of Thermocrinis 
ruber from a pinkish streamer net- 
work formed at the outflow of a 
growth chamber during growth in a 
permanent flow of medium under 
exposure to air. Bar, 2 pm. 




mocrinis, Aquifex and Hydrogenothermus 
usually grow singly and in pairs (Kryukov et al., 
1983; Kawasumi et al., 1984; Kristjansson et al., 
1985; Bonjour and Aragno, 1986; Nishihara 
et al., 1990; Aragno, 1992a; Huber et al, 1992b; 
Shima and Suzuki, 1993; Beffa et al., 1996; Huber 
et al., 1998; Eder and Huber, 2002; Stohr et al., 
2001; Takai et al., 2001). In Siddition, Aquifex and 
Thermocrinis species form large cell aggregates, 
containing up to about 100 individual cells. 
Growth in aggregates was also reported for 
Hydrogenothermus marinus (Stohr et al., 2001). 
In the exponential growth phase, the Aquifex 



species form wedge-shaped polar or central 
retractile areas, which disappear in the stationary 
growth phase (Huber et al., 1992b). Within a per- 
manent flow of medium under exposure to air, 
the Thermocrinis species grow in streamer-like 
cell masses predominantly composed of long fil- 
aments (Fig. 2). Thermocrinis ruber forms pink, 
and T albus white, cell masses, which is in agree- 
ment with their growth behavior in the environ- 
ment (see also Habitat; Huber et al., 1998; Eder 
and Huber, 2002). The pink-colored cell masses 
of Thermocrinis ruber formed in batch culture 
also form in a growth chamber under a perma- 
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nent flow of medium (Huber et al, 1998). The 
formation of the pink color is independent of 
the light regime, the oxygen concentration or the 
electron donor used (hydrogen, sulfur, thiosul- 
fate or formate; Eder and Huber, 2002). Ther- 
mocrinis albus builds up filaments up to 60 
micrometer under a permanent flow of medium 
(Eder and Huber, 2002). 

Motility has been observed for Hydrogeno- 
hacter subterraneus, Hydrogenobaculum acido- 
philum and Hydrogenothermus marinus, which 
are all polarly flagellated (Shima and Suzuki, 
1993; Stohr et al., 2001; Takai et al., 2001). Some 
Hydrogenobacter isolates from hot composts 
were also motile, whereas most Hydrogenobacter 
isolates were reported to be immotile (Beffa et 
al., 1996; Reysenbach, 2001; Ishii et al., 2001). In 
contrast, the Aquifex species and single cells of 
the Thermocrinis species are polarly flagellated 
and highly motile (Fig. 3a, b). Cultures of 
Aquifex pyrophilus even remain motile when 
stored for 2 weeks at 4°C. The 19-nm-diameter 
flagellar filaments of A. pyrophilus are composed 
of a 54-kDa flagellin monomer, which exhibits 
high thermostability (Behammer et al., 1995). In 
the genome of “A. aeolicusf more than 25 genes 
involved in flagellar structure and biosynthesis 
are present. However, no homologs of the bac- 
terial chemotaxis system were identified (Deck- 
ert et al., 1998; Swanson, 2001). 

Diaminopimelic acid is present in Aquifex 
and Thermocrinis species. In contrast, diami- 
nopimelic acid is absent in Hydrogenobacter 
(Huber et al., 1992b; Huber et al., 1998; Eder and 
Huber, 2002). A regular surface layer was 
identified in A. pyrophilus, in Hydrogenobacter 
hydrogenophilus and in different Hydrogeno- 
bacter isolates, but is absent in T ruber and T 
albus (Kristjansson et al., 1985; Huber et al., 
1992b; Huber et al., 1998; Ludvik et al., 1994; 
Eder and Huber, 2002). Aquifex pyrophilus con- 
tains a complex cell envelope consisting of a pep- 
tidoglycan layer (murein type Al gamma), an 
outer membrane, and a surface layer protein 
(Huber et al., 1992b). 

The fatty acid composition of Hydrogeno- 
bacter thermophilus TK-6, H. subterraneus, H. 
halophilus, Hydrogenobaculum acidophilum 
and Hydrogenothermus marinus is quite similar 
(Kawasumi et al., 1984; Nishihara et al., 1990; 
Shima and Suzuki, 1993; Stohr et al., 2001; Takai 
et al., 2001). A very similar distribution of fatty 
acids was found in Hydrogenobacter thermophi- 
lus TK-6 and in the Thermocrinis and Aquifex 
species (Jahnke et al., 2001; Table 3). The pres- 
ence of glycerol monoethers is a characteristic 
feature of Hydrogenobacter thermophilus TK-6 
and the Thermocrinis species under autotrophic 
culture conditions, whereas the lipids of the 
Aquifex species are composed of alkyl glycerol 







Fig. 3 a) Transmission electron micrograph of a platinum- 
shadowed, multi-flagellated cell of Aquifex pyrophilus. Bar, 
1 pm. b) Transmission electron micrograph of a platinum- 
shadowed, single-flagellated cell of ''Thermocrinis albus'' 
(static culture). Bar, 1 pm. 



diethers and glycerol monoethers (Huber and 
Stetter, 1992a; Jahnke et al., 2001; Table 3). The 
detailed fatty acid analysis of different Aquifi- 
caceae representatives verified that the Aquifi- 
caceae are a monophyletic group within the 
bacteria, which is in line with the 16S rRNA data. 
Also, n-C 2 Q:Q, /t-C 20 :i, /t-C 2 i; 0 , cy-C 2 i, n-C 22:0 and n- 
C 22 :i fatty acids were identified as signature lipids 
for the Aquificales, which could be used as biom- 
arkers (Jahnke et al., 2001). 

A novel type of lipid A, indicative of 
lipopolysaccharide, was identified in Aquifex 
pyrophilus. This lipid A contains D-galacturonic 
acid, which replaces phosphate residues (Plotz 
et al., 2000). 

The DNA-dependent polymerase of Hydro- 
genobacter hydrogenophilus exhibits a typical 
bacterial subunit pattern, is rifampicin resistant 
and is thermostable (no loss of activity at 100°C 
for 40 min; Andera et al., 1991). In addition, a 
reverse gyrase (optimal reaction temperature: 
90° C) was isolated from H. hydrogenophilus 
(Andera et al., 1993). In the genome of A. aeoli- 
cus, two genes for reverse gyrase were detected 
(Deckert et al., 1998). From Hydrogenobacter 
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Table 3. Comparison of ester-linked fatty acid and glycerol ether composition of the Aquificales species. 



Compound 


Thermocrinis 
ruber C-source: 
CO 2 


Thermocrinis 
ruber C-source: 
formate 


Thermocrinis 

albus 


Aquifex 

pyrophilus 


‘Aquifex 

aeolicus” 


Hydrogenobacter 
thermophilus TK-6 


Fatty acid"" 


14:0 


<0.1 


<0.1 


<0.1 


0.3 


0.1 


<0.1 


/-15:0 


nd 


nd 


nd 


nd 


nd 


nd 


15:0 


nd 


<0.1 


<0.1 


0.1 


<0.1 


<0.1 


/-16:0 


nd 


nd 


nd 


nd 


nd 


nd 


16:lcA7 


0.2 


0.8 


0.3 


0.5 


0.4 


0.2 


16:lcA9 


nd 


nd 


<0.1 


0.1 


0.1 


<0.1 


16:0 


0.3 


0.8 


0.5 


2.3 


1.0 


0.4 


/-17:0 


nd 


nd 


nd 


nd 


nd 


nd 


<j/-17:0 


nd 


nd 


nd 


nd 


nd 


nd 


17:0 


<0.1 


<0.1 


<0.1 


0.2 


nd 


<0.1 


cy- 17 


nd 


nd 


nd 


nd 


nd 


nd 


/-18:0 


nd 


nd 


nd 


nd 


nd 


nd 


18:lcA9 


2.3 


9.0 


2.4 


4.0 


3.4 


3.5 


18:lcAll 


2.4 


5.1 


1.1 


1.8 


2.2 


2.5 


18:ltA9 


0.4 


tr 


0.6 


0.7 


nd 


0.2 


18:0 


12.1 


12.6 


14.1 


27.3 


14.0 


16.5 


/-19:0 


nd 


nd 


nd 


nd 


nd 


nd 


c:/-19:0 


nd 


nd 


<0.1 


0.1 


nd 


nd 


cy- 19 (2 isomers) 


2.2 


1.4 


2.9 


2.6 


1.8 


0.6 


19:0 


<0.1 


<0.1 


0.1 


0.2 


nd 


<0.1 


/-20:0 


nd 


nd 


nd 


nd 


nd 


nd 


20:lcAll 


23.1 


50.9 


10.7 


18.4 


17.5 


49.4 


20:lcA13 


14.3 


3.1 


8.2 


1.3 


3.7 


11.3 


20:ltAll 


9.4 


nd 


5.4 


5.4 


11.1 


nd 


20:ltA13 


3.8 


nd 


3.5 


nd 


nd 


nd 


20:0 


3.9 


1.9 


4.6 


5.6 


3.4 


3.2 


/-20:0 


nd 


nd 


nd 


nd 


nd 


nd 


cy-21 (2 isomers) 


24.7 


14.2 


42.4 


29.8 


40.3 


11.6 


21:0 


<0.1 


nd 


0.1 


0.1 


0.1 


nd 


22:lcA13 


0.7 


0.2 


0.8 


0.4 


0.3 


0.3 


22:0 


0.3 


<0.1 


<0.1 


0.1 


<0.1 


<0.1 


;UmolFA/g dwt 


92.2 


89.2 


103.5 


13.8 


35.3 


38.8 


Glycerol ether 


GME-18:! 


1.8 


10.7 


tr 


3.9 


2.2 


2.7 


GME-18:0 


75.2 


38.5 


78.5 


57.3 


73.0 


82.7 


GME-19:0 


nd 


0.6 


tr 


2.5"" 


0.2"" 


nd 


GME-20:! 


13.2 


37.5 


17.6 


14.4 


13.9 


11.1 


GME-20:0 


4.1 


4.1 


2.0 


13.8 


10.3 


3.5 


GME-21:! 


3.8 


5.7 


1.9 


8.1 


0.5 


nd 


/imolGME/gdwt 


5.9 


1.6 


0.9 


3.1 


19.3 


1.2 


GDE-17:0,17:0 


nd 


nd 


nd 


8.9 


nd 


nd 


GDE-17:0,18:0 


nd 


nd 


nd 


2.1 


nd 


nd 


GDE-18:0,18:0 


nd 


73.2"" 


nd 


34.5"" 


32.2 


nd 


GDE-18:0,19:0 


nd 


nd 


nd 


10.0 


2.5 


nd 


GDE-18:0,20:0 


nd 


26.8"" 


nd 


13.5 


9.1 


nd 


GDE-18:0,21:1 


nd 


nd 


nd 


23.4 


44.9 


nd 


GDE-20:0,20:0 


nd 


nd 


nd 


7.7 


11.2 


nd 


GDE-19:0,21:1 


nd 


nd 


nd 


nd 


nd 


nd 


;UmolGDE/gdwt 


nd 


0.1 


nd 


1.1 


0.6 


nd 



Abbreviations: FA, fatty acid; nd, not determined; tr, trace; dwt, dry weight; GME, glycerol monoether; and GDE, glycerol 
diether. 



""Lipid distribution is given in % wt. 

^Acyl-alkyl chain nomenclature designates carbon number as saturated (;0) or monounsaturated (;1) with double bond of cis 
(c) or trans (t) configuration and position relative to carboxyl end (A) or cyclopropyl ring (cy), with iso- (/) or anteiso- (ai) 
methyl branching. 

""Designates presence of multiple GDE isomers with saturated and/or unsaturated alkyl chains (:1 or cy). Adapted from Jahnke 
et al. (2001); for a more detailed analysis of T. ruber lipids and methods, see Jahnke et al. (2001). 
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thermophilus TK-6, an ATP-citrate lyase and a 
membrane-bound hydrogenase were identified 
(Ishii et al, 1989). A variety of enzymes 
from Aquifex have been cloned, expressed and 
characterized, including superoxide dismutase, 
glutamate racemase, a [2Fe-2S] protein, a serine- 
type protease, glutamine phosphoribosylpyro- 
phosphate, glycinamide ribonucleotide synthase, 
an alternative sigma factor, a NifA-\i\^Q protein, 
and a DNA ligase (Lim et al, 1997; Kim et al, 
1999; Chatelet et al, 1999; Choi et al., 1999; Yoo 
et al., 1999; Bera et al., 2000; Studholme and 
Buck, 2000a; Studholme et al., 2000b; Lim et al., 
2001 ). 

Cytochromes b, c and o, but no cytochrome a! 
a3 have been identified in strains of Hydrogeno- 
bacter (Aragno, 1992b). The terminal oxidase is 
an o-type cytochrome. The cytochrome C552 from 
H. thermophilus TK-6 is extremely thermostable 
and can restore its conformation even after being 
autoclaved for 10 min. at 121°C. Type b and c 
cytochromes and methionaquinone are reduced 
by a membrane-bound hydrogenase activity 
(Ishii et al., 2001). For oxygen respiration, the 
following enzymes were identified in ''Aquifex 
aeolicus'': ubiquinol cytochrome c oxidoreduc- 
tase (bci complex), cytochrome c and cyto- 
chrome c oxidase. The alternative system with 
cytochrome bd ubiquinol oxidase was also 
detected (Deckert et al., 1998). The cytochrome 
be complex in "A. aeolicus'' was characterized in 
detail and belongs to a group of (low-potential) 
menaquinol-oxidizing enzymes (Schfitz et al., 
2000). The sulfide :quinone oxidoreductase of “A. 
aeolicus'' belongs to the glutathione reductase 
family of flavoproteins. The electron transport 
from sulfide to oxygen employs the cytochrome 
be complex via the quinone pool (Nfibel et al., 
2000 ). 

In Hydrogenobacter thermophilus TK-6 and 

H. halophilus, the main quinonic component 
is an unusual sulfur-containing quinone, 2- 
methylthio-3-VI, Vll-tetrahydromultiprenyl- 

I, 4-naphthoquinone (i.e., methionaquinone; 
Aragno, 1992a; Ishii et al., 2001). Hydrogeno- 
thermus marinus appears to contain a new 
menathioquinone, the structure of which is cur- 
rently not known (Stohr et al., 2001). 



Cultivation 

Aquificales grow well using 120-ml soda-lime- 
silicate glass (Stute GmbH, Rheinbreitbach, 
Germany) or 28-ml serum tubes (borosilicate 
glass, Schott, Mainz, Germany) for cultivation. 
For growth of more oxygen-tolerant Aquificales, 
the medium can be dispensed in air. The 
medium for more oxygen-sensitive Aquificales 



(o.g., Aquifex pyrophilus) should be flushed with 
nitrogen for 20 min. to get rid of oxygen. After- 
wards, the medium is dispensed in 10-20 ml por- 
tions in an anaerobic chamber. The bottles are 
closed by rubber stoppers and the gas atmo- 
sphere is changed to the desired gas mixture 
(see Culture Media). If not mentioned other- 
wise, the atmosphere in the bottles consists of 
300 kPa gas. 

On a large scale, growth of members of the 
Aquificales are routinely in batch cultures, using 
enamel-protected fermentors with an operating 
volume of up to 300 liters (HTE, Bioengineering, 
Wald, Switzerland; Huber et al., 1992b; Huber 
et al., 1998; Jahnke et al., 2001). Furthermore, 
continuous cultivation of Hydrogenobacter 
thermophilus ITI 553 at low partial hydrogen 
pressures was reported (Manelius et al., 
1997). 



Culture Media 

SME* Medium for Aquifex pyrophilus and "A. 
aeolicus'' 



NaCl 


30.0 g 


MgS04 ' 7 H 2 O 


7.0 g 


MgCb • 6H2O 


5.5 g 


NaHCOs 


2.0 g 


KCl 


0.65 g 


CaCb • 2H2O 


0.50 g 


K2HPO4 • 3H2O 


0.15 g 


NH 4 CI 


0.15 g 


NaBr 


0.10 g 


Trace mineral solution Aquifex, 10 x 1.0 ml 



H 2 O (double-distilled, add up to the total volume) 
1000.0 ml 

Gas phase (H 2 /CO 2 /O 2 ) should be 79:20:1 (v/v/v; 
300 kPa) and pH is adjusted to 6.5 with H 2 SO 4 . For the 
growth of “A. aeolicus,” the medium should be supple- 
mented with 0 . 1 % thiosulfate. 

Trace Mineral Solution Aquifex, 10 x 



Titriplex 1 (Nitrilotriacetic acid) 


15.0 g 


MgS04 • 7 H 2 O 


30.0 g 


MnS04 ' H 2 O 


5.0 g 


NaCl 


10.0 g 


FeS04 • 7 H 2 O 


1.0 g 


C 0 SO 4 • 7 H 2 O 


1.8 g 


CaCb • 2 H 2 O 


1.0 g 


ZnS04 • 7 H 2 O 


1.8 g 


CUSO 4 • 5 H 2 O 


0.1 g 


KA1(S04)2 ' 12 H 2 O 


0.18 g 


H 3 BO 3 


0.1 g 


Na2Mo04 • 2 H 2 O 


0.1 g 


(NH4)2Ni(S04)2 • 6 H 2 O 


28.0 g 


Na2W04 • 2 H 2 O 


0.5 g 


Na 2 Se 04 


0.5 g 


H 2 O (double-distilled, add up to the 


1000.0 ml 



total volume) 

Adjust pH to 6.5 with 5N KOH and store at 4°C in the 
dark. 
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OS Medium for Thermocrinis ruber and T. albus 



NaHC03 


1.0 g 


NaCl 


256.0 mg 


Na2S04 


23.0 mg 


KCl 


15.0 mg 


H3BO3 


10.3 mg 


(NH 4 ) 2 S 04 


10.0 mg 


KH2PO4 


1.7 mg 


CaCfi • 2H2O 


0.8 mg 


NaN 03 


0.3 mg 


FeCfi • 6H2O (0.05%) 


0.2 ml 


MnS04 • H2O (0.03%) 


0.2 ml 


Thiosulfate 


1.0 g 


Trace mineral solution, modified, 10 x 1.0 ml 



H2O (double-distilled, add up to the total volume) 

1000.0 ml 

Gas phase (N2/H2/O2) should be 96:3:1 (v/v/v; 300 kPa), 
and pH is adjusted to 6.5-7.0 with H2SO4. 

Trace Mineral Solution, Modified, 10 x 



Titriplex 1 (Nitrilotriacetic acid) 


15.0 g 


MgS04 • 7H2O 


30.0 g 


MnS04 • H2O 


5.0 g 


NaCl 


10.0 g 


FeS04 • 7H2O 


1.0 g 


C0SO4 • 7H2O 


1.8 g 


CaCl2 • 2H2O 


1.0 g 


ZnS04 ' 7H2O 


1.8 g 


CUSO4 • 5H2O 


0.1 g 


KAL(S04)2 • 12H2O 


0.18 g 


H3BO3 


0.1 g 


Na2Mo04 • 2H2O 


0.1 g 


(NH4)2Ni(S04)2 ' 6H2O 


2.80 g 


Na2W04 • 2H2O 


0.1 g 


Na2Se04 


0.1 g 


H2O (double-distilled, add up to the 


1000.0 ml 



total volume) 

Adjust pH to 6.5 with 5N KOH and store at 4°C in the 
dark. 

TK-6 Medium for Hydrogenobacter thermophilus 



TK-6 

(NH4)2S04 3.0 g 

K2HPO4 • 3H2O 2.0 g 

KH2PO4 1.0 g 

MgS04 • 7H2O 0.5 g 

NaCl 0.25 g 

CaCfi • 2H2O 0.03 g 

FeS04 • 7H2O 0.014 g 



Trace mineral solution, modified, 10 x (see: OS medium) 
0.75 ml 

H2O (double-distilled, add up to the total volume) 

1000.0 ml 

Gas phase (H2/CO2/O2) should be 79:20:1 (v/v/v; 
300 kPa) and pH is adjusted to 7.0 with H2SO4. 

Medium for Hydrogenobacter halophilus 



(NH 4 ) 2 S 04 


2.0 g 


K2HPO4 


2.5 g 


KH2PO4 


0.5 g 


MgS04 • 7H2O 


0.2 g 


NaCl 


29.3 g 


CaCfi • 2H2O 


10.0 mg 



FeS04 • 7H2O 10.0 mg 

MSO4 • 7H2O 0.6 mg 

Trace element solution 2.0 ml 
H2O (double-distilled, add up to the total volume) 

1000.0 ml 

Gas phase (H2/CO2/O2) should be 7:1:1 (v/v/v; 100 kPa) 
and pH is adjusted to 7-7.5. 



Trace Element Solution 



MnS04 • 5H2O 


1.0 mg 


C0CI2 • 6H2O 


1.0 mg 


ZnS04 • 7H2O 


7.0 mg 


CUSO4 ' 5H2O 


0.5 mg 


H3BO3 


1.0 mg 


M0O3 


1.0 mg 


H2O (double-distilled, add up to the 


1000.0 ml 


total volume) 


Medium for Hydrogenobaculum acidophilum 


(NH4)2S04 


1.0 g 


K2HPO4 


1.0 g 


Sulfur 


5.0 g 


MgS04-7H20 


0.3 g 


NaCl 


1.0 g 


CaCfi 


1.0 mg 


FeS04 • 7 H 2 O 


1.0 mg 


Trace element solution; see medium 


2.0 ml 


for H. halophilus 


H2O (double-distilled, add up to the 


1000.0 ml 


total volume) 


Gas phase (H2/CO2/O2) should be 8:1:1 


(v/v/v, 100 kPa) 


and pH adjusted to 3.0 with HCl. 


mjYPGS Medium for Hydrogenobacter subterraneus 


NaCl 


3.0 g 


MgS04 • 7H2O 


0.34 g 


MgCfi • 6H2O 


0.42 g 


Na2Si03 • 9 H 2 O 


1.0 g 


Na2S203 • 5H2O 


2.48 g 


KCl 


33 mg 


CaCfi • 2H2O 


14.0 mg 


K2HPO4 


14.0 mg 


MCI2 • 6H2O 


0.05 mg 


Na2Se03 • 5 H 2 O 


0.05 mg 


Fe(NH4)2(S04)2 ' 6 H 2 O 


0.001 mg 


Sodium succinate 


0.2 g 


Yeast extract 


1.0 g 


Peptone 


1.0 g 


Glucose 


0.2 g 


Trace mineral solution, 10 x 


1.0 ml 


H2O (double-distilled, add up to the 


1000.0 ml 


total volume) 


Gas phase should be air and pH is adjusted to 7.5 with 


H2SO4. 

Trace Mineral Solution, 10 x 


Titriplex 1 (Nitrilotriacetic acid) 


15.0 g 


MgS04 • 7H2O 


30.0 g 


MnS04 • 2H2O 


5.0 g 


NaCl 


10.0 g 


FeS04 • 7 H 2 O 


1.0 g 


C0SO4 ' 7H2O 


1.8 g 


CaCfi ' 2H2O 


1.0 g 


ZnS04 ' 7H2O 


1.8 g 


CUSO4 • 5H2O 


0.1 g 
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KA1(S04)2 ' I 2 H 2 O 0.18 g 

H 3 BO 3 0.1 g 

Na 2 Mo 04 ' 2 H 2 O 0.1 g 

H 2 O (double-distilled, add up to the 1000.0 ml 
total volume) 

Adjust pH to 6.5 with 5N KOH and store at 4°C in the 
dark. 

Medium for Hydrogenothermus marinus 



NaCl 19.4 g 

MgCb • 6 H 2 O 12.6 g 

NaHC 03 0.16 g 

KCl 0.56 g 

Na2S04 3.24 g 

Sulfur 0.5 g 

NH4CI 0.30 g 

CaCb • 2 H 2 O 2.38 g 

Resazurin (1%) 1.0 ml 



Trace element solution (10 x; see medium for H. halophi- 
lus) 10.0 ml 

H 2 O (double-distilled, add up to the total volume) 
1000.0 ml 

Gas phase (H 2 /CO 2 ) should be 80:20 (v/v; 300 kPa) with 
20 ml of air and pH adjusted to 7 with H 2 SO 4 . 



Preservation 

Hydrogenobacter strains can be preserved by 
lyophilization using 0.1 M phosphate buffer (pH 
7) containing 3% sodium glutamate as the sus- 
pending medium (Ishii et al., 2001). For short- 
time storage, Aquificaceae relatives can be 
stored at 4°C for several months. For long-time 
storage, preservation in liquid nitrogen at -140°C 
in the presence of 5% dimethylsulf oxide is rec- 
ommended. No loss of cell viability of Aquifex 
and Hydrogenobacter strains was observed after 
a storage over a period of six years. A cryopreser- 
vation method for Aquificales representatives 
was described by Malik (1999). 



Physiology 

Members of the order Aquificales are extremely 
thermophilic or hyperthermophilic bacteria with 
optimal growth in the neutral pH range (except 
Hydrogenobaculum acidophilum and Hydro- 
genobaculum sp. NOR3L3B; Eder and Huber, 
2002; Table 2). With optimal growth temperature 
around 85°C and a maximum growth tempera- 
ture of 95°C, the hyperthermophilic species 
Aquifex pyrophilus and “A. aeolicus'' represent 
the organisms with the highest growth tempera- 
tures within the domain Bacteria. The physiolog- 
ical properties of the Aquificales are listed in 
detail in Table 2. 

Most Aquificales can grow with hydrogen as 
sole electron donor and oxygen as electron 



acceptor, performing the “Knallgas” reaction, 
the reduction of O 2 with H 2 : 

2H2 + 02 ^ 2H2O 

The final product of this metabolic reaction is 
the formation of water (Aquifex meaning “water- 
maker”). Instead of hydrogen, most Aquificales 
can use thiosulfate or sulfur as a single energy 
source, and sulfuric acid is formed as the final 
product. Aquifex- and Thermocrinis species pro- 
duce H 2 S in addition to sulfuric acid in the pres- 
ence of sulfur. Hydrogen-dependent growth was 
first reported for “A. aeolicus'' (Huber and Stet- 
ter, 1999b) and was recently also described for 
Hydrogenothermus marinus, which requires sul- 
fur for growth in addition (Stohr et al., 2001). 
Hydrogenobaculum acidophilum and Hydro- 
genobacter sp. IT-7242 grow only when sulfur or 
thiosulfate is present in the medium (Shima and 
Suzuki, 1993; Skirnisdottir et al., 2001). Most of 
the Aquificales are strictly aerobic, growing pref- 
erentially under microaerophilic culture condi- 
tions. Interestingly, Aquifex pyrophilus can grow 
by using oxygen as low as 7.5 ppm (Deckert et 
al., 1998). Aquifex pyrophilus was the first repre- 
sentative of the Aquificales shown to grow 
anaerobically by nitrate reduction, forming N 2 as 
final product (denitrification; Huber et al., 
1992b). Recently, growth of Hydrogenobacter 
thermophilus TK-6 on nitrate was reported 
(Suzuki et al., 2001). This is also true for Hydro- 
genobacter sp. PA14, isolated from Lake Tanga- 
nyika (Eder and Huber, 2002). 

Most of the Aquificales are obligate autotro- 
phs, using carbon dioxide as carbon source. It has 
been shown for Hydrogenobacter thermophilus 
TK-6 and the Aquifex species that carbon diox- 
ide is fixed via the reductive citric acid cycle 
(Shiba et al., 1985; Beh et al., 1993; Deckert et 
al., 1998). More recently, the same CO 2 fixation 
pathway was proposed for Thermocrinis ruber 
(Jahnke et al., 2001). 

Reports on heterotrophic growth of Aquifi- 
cales are very rare (Eder and Huber, 2002). 
Thermocrinis ruber was the first organism shown 
to grow chemoorganoheterotrophically on 
formate and formamide under microaerophilic 
growth conditions. Both compounds were used 
simultaneously as carbon and energy sources 
(Huber et al., 1998). Recently, the ability to grow 
on formate and formamide was also reported for 
Hydrogenobacter thermophilus TK-6 (Eder and 
Huber, 2002). Furthermore, it was shown that H. 
subterraneus, a strictly aerobic heterotroph, is 
capable of utilizing a number of substrates such 
as yeast extract, peptone, tryptone, carbohy- 
drates, sugars, amino acids and organic acids. As 
an electron donor for growth, sulfur, thiosulfate, 
sulfide or cysteine-HCl is required (Takai et al., 
2001 ). 
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Genetics 

A physical map was established from genomic 
DNA from Aquifex pyrophilus, and a random 
sequence analysis was performed (Shao et al, 
1994; Choi et al, 1997). The complete genome 
sequence of “A. aeolicus'' was determined 
(Deckert et al, 1998). It is a relatively small 
genome for a free-living bacterium, with a 
genome length of only 1.55 million base pairs. 
The most striking feature of the genome is the 
organizational relationship of the genes relative 
to one another. The majority of the genes appear 
to be organized within operons. Some genes are 
clustered in operons of common function. How- 
ever, many pathway components are scattered 
throughout the genome or appear in novel oper- 
ons (Deckert et al., 1998; Swanson, 2001). In 
addition, a single extrachromosomal element 
present at roughly twice the copy number of the 
chromosome was identified. The element has a 
length of 39,456 base pairs and a protein-coding 
region of 53% (Deckert et al, 1998). No introns 
or inteins were detected in the genome (Deckert 
et al., 1998). However, the intein Aae RIR2 was 
identified in the genome of “A. aeolicus'' recently 
and deposited in the New England Biolabs 
Intein Database. Comparison of total genome 
sequences of different organisms showed that 
about 16% of the “A. aeolicus'' genes are of 
archaeal origin (Aravind et al., 1998). Owing to 
this result, the authors have claimed that hyper- 
thermophilic bacteria and archaea have 
exchanged genes particularly often by lateral 
gene transfer (Aravind et al., 1998; Nelson et al., 
1999; see also Thermotogales in the second edi- 
tion). On the other hand, it was argued that if 
Aquifex and Thermotoga (see also Thermoto- 
gales in the second edition) are truly deep 
branching, it is equally parsimonious to suppose 
that some of the features specified by the shared 
genes of these hyperthermophilic bacteria and 
archaea are primitive. They have retained ances- 
tral genes which have since been lost in most 
bacteria as they have adapted to mesophilic envi- 
ronments (Kyrpides and Olson, 1999; Logsdon 
and Faguy, 1999). Based on recent phylogenetic 
analyses of archaeal genes in different bacteria, 
it was hypothesized that lateral gene transfer in 
hyperthermophiles may be as much a conse- 
quence as the cause of adaptation to hyperther- 
mophily (Nesbp et al., 2001). 



Biotechnology 

Enzymes that are active at high temperatures are 
sought for industrial processes. Therefore, the 
highly thermostable enzymes of the Aquificales 



might be of great interest as biocatalysts, e.g., in 
the food or chemical industry. In addition, the 
sequencing of the total genome of “A. aeolicus'' 
offers now the opportunity to use its genes 
as tools for a variety of biotechnological 
applications. 
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Morphologically Conspicuous Sulfur-Oxidizing Eubacteria 

JAN W. M. LA RIVIERE AND KARIN SCHMIDT 



This chapter deals with the genera Achroma- 
tium, Macromonas, Thiohacterium, Thiospira, 
and Thiovulum (see Fig. 1). They all belong to 
chemotrophic microbial populations generally 
encountered in natural habitats that are charac- 
terized by the simultaneous presence of H 2 S and 
O 2 , i.e., at the border between aerobic and anaer- 
obic zones in surface waters and in the outflows 
of H 2 S-bearing springs. It will be useful to intro- 
duce this discussion with some general remarks 
on the special nature of this ecological niche to 
help explain the embarassing paucity of knowl- 
edge we possess about its inhabitants. 

In nature, the coexistence of H 2 S and O 2 can 
only be sustained in systems subject to continu- 
ous inputs of both substances, because H 2 S is not 
stable in the presence of O 2 . H 2 S can be rapidly 
oxidized without the intervention of living 
organisms, the rate of oxidation depending on 
pH, temperature, and the presence of catalysts 
and/or inhibitors (Chen and Morris, 1972a, 
1972b); reaction products range from sulfur and 
polysulfldes to thiosulfate, sulfite, and sulfate. 
Thus, this habitat contains an array of reduced 
sulfur compounds that are all potential sub- 
strates for chemolithotrophic oxidation but that 
differ greatly in their stability in the presence of 
O2. 

The chemotrophic segment of the microbial 
population occupying this special niche 
includes — in addition to accidental “interlopers” 
such as H 2 S-tolerant microaerophilic heterotro- 
phs — a group of organisms called colorless sulfur 
bacteria, which appear to interact directly with 
the reduced-sulfur compounds characterizing 
this habitat. 

These colorless sulfur bacteria include in the 
first place Sulfolobus, Thiobacillus, and Thiomi- 
crospira (see The Order Thermoproteales and 
The Genera Thiobacillus, Thiomicrospira and 
Thiosphaera both in the second edition), which 
have been shown to possess the capacity to 
chemolithotrophically oxidize reduced-sulfur 
compounds. Secondly, the group includes the five 
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genera to be discussed here — Achromatium, 
Macromonas, Thiobacterium, Thiospira, and 
Thiovulum — as well as Beggiatoa, Thiothrix, and 
Thioploca (see 16 and 166). These eight genera 
are included among the colorless sulfur bacteria 
because the observed appearance and disappear- 
ance of sulfur inclusions suggest the possession 
of at least the capacity to oxidize sulfide and 
sulfur. The nutritional status of these genera is 
by no means certain and their relationship to 
reduced-sulfur compounds may range from obli- 
gate chemolithotrophy to protective, detoxifying 
sulfide oxidation or to merely gratuitous sulfide 
oxidation. Another argument for inclusion of 
this group is the observed absence of these gen- 
era in habitats devoid of H 2 S. Finally, there are 
an indefinite number of colorless sulfur bacteria 
that are not recognized in the eighth edition of 
Ber gey’s Manual of Determinative Bacteriology 
(Buchanan and Gibbons, 1974) or discussed in 
this Handbook because they have been 
described poorly or no more than once. The 
works of the old masters, such as Gicklhorn, 
Hinze, Kolkwitz, Lauterborn, Molisch, Nadson, 
Warming, and Winogradsky, offer clear indica- 
tions that several genera and even more species 
of colorless sulfur bacteria exist that cannot now 
be recognized usefully. 

Thus the 11 genera discussed in this book rep- 
resent only the most accessible part of the inhab- 
itants of this ecological niche; even so, only five 
of them exist at the moment in pure culture: 
Thiobacillus, Sulfolobus, and Thiomicrospira, 
which can be cultivated with the stable com- 
pounds thiosulfate and/or sulfur as oxidizable 
substrates, Macromonas, of which only het- 
erotrophic strains exist in pure culture, and Beg- 
giatoa, from marine and freshwater habitats. 
Only the marine Beggiatoa strains seem to be 
facultative autotrophs (Nelson, 1989). The other 
six genera have not yielded pure cultures most 
probably because they are obligate sulfide-oxi- 
dizers, which, in view of the autoxidizability of 
H 2 S, renders the use of solid media impossible 
and that of liquid media extremely cumbersome, 
since continuous inputs of H 2 S and O 2 have to 
be maintained. Thus, for the moment, these six 
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Achromatium oxaliferum 




Thiovulum 




Fig. 1. Composite drawing of the described organisms, 
redrawn from the original literature. Bars = 10 pm — except 
for the typical colonies of the Thiobacterium species: (a) 
“puffball” shape, (b) dendroid shape. Bars = 5 pm. 



genera exist only by virtue of their morphologi- 
cal recognizability. The morphological character- 
istics are the only basis for the division into 
different genera. 

In nature, quite often the predominance of one 
or a few colorless sulfur bacteria can be observed. 
Knowledge of the factors determining such pre- 
dominance would obviously be of great help in 
isolation studies, but so far we have no clue as to 
the determinants of competition and survival of 
these diverse organisms, which have to compete 
not only among one another, but very likely also 
against the chemical oxidation of H2S. 

Thus we are faced with a vicious circle: lack 
of knowledge of the physiology of these organ- 
isms impedes the design of effective isolation 
procedures, which, in turn, are the very require- 
ment for obtaining such physiological knowl- 
edge through pure culture study. The riddle 
they pose is further complicated by the com- 
plexity of their natural habitat. In addition to 
natural aeration, when exposed to light, the 
medium also receives O2 from photosynthesis, 
subject to diurnal fluctuations. Furthermore, 
H2S can originate from groundwaters poor in 
organic matter, as well as from sulfate reduction 
in mud layers, in which case it is invariably 



accompanied by organic compounds. The min- 
eral contents of the water also appear to play 
an important role. A relatively high Ca^^ con- 
centration or the presence of solid CaCOs char- 
acterizes many of the habitats in which the 
organisms are found; the relationship is most 
obvious for Achromatium and Macromonas, 
which both can have CaCOa inclusions. 



Enrichment and 
Cultivation Methods 

Imitation of the natural conditions in the labora- 
tory appears to be the best approach to enrich- 
ment, cultivation, and isolation of Achromatium, 
Macromonas, Thiobacterium, Thiospira, and 
Thiovulum, the five genera under discussion in 
this chapter. The enrichment methods consist 
essentially of using Winogradsky columns 
(Winogradsky, 1888 ) that are kept in the dark 
and that contain sediments in which H2S is 
generated through sulfate reduction. Hence, 
adequate, i.e., slowly decaying, organic mate- 
rial — and in the case of freshwater enrichments, 
CaS04 — has to be included in the sediment; in 
seawater enrichments, a considerable amount 
of sulfate is already present in the water phase. 
Besides stationary columns, flow-through varia- 
tions have been used in which the water phase is 
continuously and slowly replenished, which 
provides a means of controlling the position of 
the H2S/O2 border zone and of eliminating con- 
taminants. This method has led to reproducible 
enrichment procedures for Thiovulum, while a 
more classical enrichment method could be used 
for the heterotrophic Macromonas hipunctata. 
For the other three genera, enrichment is still 
extremely difficult and at best capricious. 

In the design of effective enrichment and cul- 
tivation methods, some guidelines can be further 
derived from specific ecological attributes of the 
organisms themselves: 

1 . The presence of elemental sulfur inclusions, 
a stored energy source, implies that the culture 
can survive periods of absence of H2S but not of 
O2 (all genera). 

2 . Possession of strong chemotactic properties 
introduces the possibility of exerting selection 
through water flow {Thiovulum, Thiospira). 

3 . Limited motility, or its absence in some gen- 
era, calls for stability of the position of the H2S/ 
O2 border zone in the place where the organism 
is expected to accumulate {Achromatium: at the 
bottom; Thiobacterium: at the surface). 

4 . Capacity for attachment to solid surfaces 
permits selection by water flow, provided the 
water contains the proper mix of H2S and O2 
{Thiobacterium, Thiothrix). 
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5. The organism permitting, application of low 
temperatures (10-17°C) appears favorable, as 
this slows down chemical H 2 S oxidation and thus 
leads to greater stability. 

In conjunction with these methods, purifica- 
tion of cell material has been undertaken by tak- 
ing advantage of chemotaxis (Thiovulum) and of 
selective sedimentation based on high specific 
gravity (Achromatium). Suspending the cells in 
sterile solutions followed by transfer to fresh 
sterile solution after separation had taken place 
could be carried out repeatedly, the “washing 
efficiency” depending on the initial degree of 
contamination and the endurance of the cells to 
repeated washings. 

Such purified material, derived from nature 
or enrichment cultures, can then be subjected 
to cultivation in aseptic, controlled systems in 
which constant inputs of H 2 S and O 2 are main- 
tained. A great deal of ingenuity has gone into 
the design of such systems, based, for instance, 
upon the use of gas mixtures, semipermeable 
membranes, controlled pumping of sterile nutri- 
ent solutions, and solid/liquid phase systems in 
which the solid phase provides H 2 S. So far, the 
use of sulfide-charged ion-exchangers or badly 
soluble sulfides as a constant source of H 2 S has 
not been found practicable, nor has the use of 
inhibitors of chemical H 2 S oxidation. Important 
examples of devices successfully used in specific 
instances are presented by Devide (1954), Keil 
(1912), la Riviere (1963, 1965), and Perfil’ev 
and Gabe (1961). Wirsen and Jannasch (1978) 
described a variety of cultivation systems for 
Thiovulum (see below) in which full advantage 
was taken of modern materials and equipment. 
It is likely that these systems are also suitable 
for cultivation of other recalcitrant sulfur 
bacteria. 

Presently, however, our knowledge is still 
restricted to such data as can be obtained from 
observations on natural populations and on 
enrichment cultures in the laboratory, both 
macro- and microscopically. In addition, labora- 
tory cultures have in several cases produced 
sufficient quantities of cell material, sufficiently 
free from contamination, to make electron 
microscopy of whole cells and thin sections pos- 
sible. Similarly, such cell material has permitted 
the determination of sometimes important 
physiological data. The main target of studies in 
complex culture systems remains, however, the 
acquirement of knowledge about the organism 
that will lead to the design of simpler cultiva- 
tion methods. After all, one should keep in 
mind that one successful petri dish culture 
offers more promise for isolation and subse- 
quent work than any of the culture systems 
mentioned above. 



Significance of the Colorless 
Snlfur Bacteria 

This group of organisms poses the question of 
how such a great morphological diversity has 
evolved in a very specialized and restricted niche 
in competition with chemical sulfide oxidation. 
One might well speculate that this niche must 
have been much larger at the time when, during 
the evolution of the present biosphere, the first 
oxygen appeared on an initially anaerobic stage 
and that, for a long time since, a much smaller 
O 2 concentration prevailed in the atmosphere 
than at present. However this may be, it is certain 
that microbial activity, including that of colorless 
sulfur bacteria, has played and is still playing an 
important role in the biogeochemical cycle of 
sulfur (J0rgensen, 1989; Kuenen, 1975; SCOPE 
19, 1983; SCOPE 39, 1989; Kuenen and Bos, 
1989; la Riviere, 1966). It is, for instance, gener- 
ally accepted that the sulfur deposits that are 
mined today are biogenic and have been formed 
by sulfate reduction followed by an oxidation 
step that may have involved colorless sulfur bac- 
teria. The well-known sulfuretum, in which sulfur 
is still accumulating today, offers an opportunity 
for determining the additional contributions of 
chemical and photosynthetic sulfide oxidation. 
Furthermore, sulfide oxidation to sulfate is an 
important step in the regeneration of oxidizing 
power within water bodies where sulfate plays 
a role in anaerobic mineralization. Also, the 
release of H 2 S into the atmosphere from oceanic, 
marshy, and estuarine areas is at the moment a 
matter of concern on a global scale in judging the 
impact of artificial SO 2 emissions that are super- 
imposed on it (Svensson and Soderlund, 1976). 
The magnitude of the biogenic H 2 S emissions is 
presently not well known, but it is certain that 
the colorless sulfur bacteria codetermine it to a 
large extent. Finally, biological sulfide oxidation 
is responsible for the generation of certain types 
of acid soils and the formation of acid mine efflu- 
ents. In the mining industry, so-called microbial 
leaching is presently being practiced for improv- 
ing the yield of various metals from sulfide ores. 
For this purpose, Thiobacillus species are fre- 
quently being used (see The Genus Thermo- 
plasma in the second edition). Furthermore, the 
microbiological methods for removing sulfur 
from coal, and removing hydrogen sulfide from 
biogas, generated by anaerobic digestion, are 
growing in industrial importance. 

In the situation as outlined in this introduc- 
tion, more detailed presentation of available 
information that follows can offer no more than 
some springboards and roadsigns for those who 
want to penetrate further into a fascinating and 
as yet unconquered territory of the microbial 
kingdom. Such endeavors also offer the rare 
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Fig. 2. Achromatium oxaliferum (from a garden pond near 
The Hague, The Netherlands). (1) Cells filled with CaCOa 
crystals. Bar = 20 pm. (2) Cells after treatment with 0.05 N 
acetic acid; sulfur globules can be clearly seen. (3) Topside 
view of a beaker with a band of “enriched” Achromatium 
cells. 

sensation of reading the works of the old masters 
as valuable guidebooks of undiminished contem- 
porary relevance. In order to facilitate such read- 
ing, pertinent references as well as earlier used 
names of organisms have been included. 

The Genus Achromatium 

Two species of Achromatium are known (La 
Riviere and Schmidt, 1989): Achromatium 
oxaliferum, which occurs in fresh waters and 
marine environments, and Achromatium volut- 
ans, which is less well known and has been found 
in marine muds only. 

Achromatium oxaliferum 

Achromatium oxaliferum (Figs. 1 and 2) was 
described for the first time by Schewiakoff 
(1893). Since then the organism has temporarily 
also carried the names Hillhousia mirabilis (West 
and Griffiths, 1909), Hillhousia palustris (West 




and Griffiths, 1913), and Achromatium gigas 
(Nadson, 1913). Its cells are conspicuous because 
of their massive CaCOs inclusions occurring 
together with much smaller sulfur globules. In 
addition, their large size immediately attracts 
attention: the cells are spherical, ovoid, or cylin- 
drical with a minimum length of the small axis of 
5 pm and a maximum length of the long axis 
of 100 pm. Division is by constriction. The cells 
are slowly motile on solid surfaces only. It is, 
therefore, not surprising that the organism has 
tantalized numerous observers, none of whom, 
however, has so far succeeded in developing an 
effective enrichment method. 

Ecology. In all cases, the cells were encoun- 
tered in or on the bottom mud of fresh and saline 
waters, as is to be expected from the high specific 
weight of these organisms, which prevents them 
from moving vertically in the water. Since they 
are not at all commonly found among the mac- 
roscopically recognizable white masses that usu- 
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ally guide the investigator most effectively to 
natural populations of colorless sulfur bacteria, 
it appears useful to list here some of the habitats 
in which the organism was found, all the more 
so because no useful common characteristic of 
these habitats has as yet emerged. 

Gicklhorn (1920), Bersa (1920), and Baven- 
damm (1924) found Achromatium in ponds in 
the botanical garden in Graz where the alga 
Chara also occurred in large numbers. The bot- 
tom mud of Swedish lakes was the source for 
Skuja (1948), and that of Lake Windermere was 
the source for Skerman (Starr and Skerman, 
1965). Lackey and Lackey (1961) found the 
organism in fresh and brackish waters in Florida 
as well as in salt marshes at Woods Hole. It was 
also found in a small concrete garden pond 
in Pacific Grove, California, and in 2 out of 14 
garden ponds examined near The Hague (J. la 
Riviere, unpublished). These were made of 
concrete, had a depth of 40 cm, and contained 
very loosely packed mud with much organic mat- 
ter as well as cells of algae and cyanobacteria. 
Nadson and Visloukh (1923) found Achroma- 
tium in marine muds. Some of these waters were 
high, others low, in Ca^^ concentration. 

Since all authors agree that the organism is an 
obligate aerobe and the high weight of its cells 
restricts it to the bottom habitat, it seems obvi- 
ous that in all of the above-mentioned locations 
the borderzone between H2S and O2 must have 
resided in the mud or on top of it, indicating that 
the H2S generation in the sediment must have 
been relatively weak, or, alternatively, aeration 
consistently strong. This appears to make Achro- 
matium oxaliferum the counterpart to Thiohac- 
terium, which (as a “puffball” type) floats at the 
surface. There is, however, one important differ- 
ence in that Achromatium possesses some means 
of locomotion while Thiohacterium does not. 
This motility is very slow and restricted to jerky 
rolling movements on solid surfaces, most prob- 
ably effected by means of peritrichous filaments 
moving about in the slime layer that surrounds 
the cells (de Boer et al., 1971). In this way, the 
cells are capable of migrating chemotactically 
through the mud, where, depending on the dis- 
tribution of localized microsources of H2S, con- 
centration gradients exist over short distances 
that are manageable by the organisms. 

Lauterborn (1915) noted that cells were 
packed with CaCOs and had few sulfur inclu- 
sions when encountered on top of the mud, while 
cells below the surface contained little or no 
CaCOs and much more sulfur. This suggests that 
the restricted capacity for chemotaxis is some- 
what complemented by the storage of sulfur but 
does not explain the significance that CaCOs 
storage could have for the organism beyond 
keeping it in the bottom layers by sheer weight. 
In this respect, any possible interaction with 



surrounding photosynthetic organisms appears 
important, as these exert a considerable influ- 
ence not only on the O2 concentration but also 
on the C02/CaC03 equilibrium, which are both 
subject to diurnal changes. In addition, CaCOs 
might exert a buffering effect with respect to 
H2SO4 formed by sulfur oxidation. 

Enrichment and Cultivation. Most observa- 
tions on the organism have been done on mate- 
rial taken directly from nature. No effective 
laboratory enrichment culture methods are 
available; at best the natural populations can be 
kept alive in the laboratory for 6-10 months. 
Schewiakoff (1893) used a watch glass containing 
mud, Achromatium cells, and some supernatant 
water from the natural habitat. After placing it 
in sunlight he observed “energetic multiplica- 
tion” (perhaps chemotactic accumulation?) and 
formation of white agglomerations of 50-100 
cells each. West and Griffiths (1913) placed the 
mud with overlaying tap water in small cylinders 
(15 cm wide, 5 cm high) and stirred the mud from 
time to time; in this way they kept the organisms 
alive for 9 months. They stated that the cells had 
a doubling time of 24-48 h under these condi- 
tions and that death resulting from O2 deficiency 
was accompanied by the loss of the CaCOs inclu- 
sions. De Boer et al. (1971) maintained natural 
populations for 10 months by placing the loosely 
packed mud from a pond in closed plastic bottles 
at 5°C. The overlaying pond water column was 
about four times higher than the mud layer. The 
same authors used a very simple method, sug- 
gested to them by C. B. van Niel, for concentrat- 
ing the cells in such a mud-water system. It is 
based on the heavy weight and white color of the 
Achromatium cells: 

Collecting and Concentrating Achromatium Cells 
Found in Nature (de Boer et al., 1971) 

Material from the upper part of the sediment was col- 
lected. Lightweight particles were removed by repeated 
decanting in tap water. Layers of heavier mud particles, 
approximately 0.5 cm thick, were subjected to gentle 
swirling in a tilted beaker that at the same time was 
rotated slowly along its vertical axis (Fig. 2). This treat- 
ment led to further fractionation of the particles accord- 
ing to their specific gravity and the heavy Achromatium 
cells soon became visible as a narrow white band very 
close to that of the sand-particle fraction. The cells were 
pipetted off and transferred to a smaller beaker and fur- 
ther purified by the same method. This procedure was 
repeated several times until a dense mass of Achroma- 
tium cells was obtained. This no longer contained cells of 
algae, protozoa, or sand particles, and the number of 
smaller bacteria present had been reduced to a very small 
minority, as shown by microscopic examination. 

The method was obviously only successful for Achro- 
matium cells that actually contained appreciable quanti- 
ties of CaCOs inclusions. 

At least 50% of the cells obtained in this way 
were viable, as shown by their motility observed 
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under the microscope. They proved to be quite 
suitable for electron microscopy and some ele- 
mentary physiological tests. 

Further Characteristics. The organism is very 
easy to identify by the morphological charac- 
teristics already mentioned. Healthy cells are 
almost completely filled with highly retractile 
CaCOs crystals, which makes it difficult to 
observe the sulfur globules. These are best seen 
after selective removal of the CaCOa by treating 
the cells with 0.05 N acetic acid (de Boer et al., 
1971) (Fig. 2). 

Cells collected by the method described above 
remained contaminated by heterotrophs even 
after repeated washings with sterile water. Nev- 
ertheless, indications were obtained that the 
cells moved and multiplied more actively in the 
presence of organic acids, casamino acids, or 
both. The experiments, however, could not be 
pursued further because of overgrowth by more 
rapidly multiplying heterotrophs (K. Schmidt, 
unpublished). The cells could be lysed by 
lysozyme and proved to be Gram-negative and 
catalase-negative. 

Achromatium volutans 

Achromatium volutans (Fig. 1 and 3) was first 
described by Hinze (1903) under the name of 
Thiophysa volutans and later by Nadson (1913, 
1914) under the name of Thiophysa macrophysa. 
The organism was found in saline waters only: in 
association with mud and decaying seaweeds 
from the Bay of Naples (Hinze, 1903, 1913), in 
the saline sulfur spring “Solgraben von Artern” 
(Kolkwitz, 1918), and in a saline spring in Florida 
(Lackey and Lackey, 1961). The best description 
is probably that of Hinze (1903), who obtained 
his cell material from marine mud placed in a 
flat dish; within 1 h, many cells were found at the 




Fig. 3. Achromatium (= Thiophysa) volutans (from Solgra- 
ben in Artern, Germany). Bar = 20 |im. 



mud surface, concentrated through chemotaxis 
into a thin white layer. 

The organism was very similar to Achromatium 
oxaliferum with respect to cell shape, motility, 
and mode of division. A striking difference was 
the total lack of CaCOs inclusions and the pres- 
ence of far more and larger sulfur globules. Also 
the cells were consistently smaller, ranging from 
spheres with a diameter of 5 pm, when young, to 
ovals up to 40 pm in length. Right after division 
cells were flat at one end, which was never 
observed in Achromatium oxaliferum (Fig. 1). 

The observations of Hinze (1903) suggest that 
this organism is more sensitive to environmental 
conditions like H 2 S and O 2 concentrations than 
is Achromatium oxaliferum. This appears plausi- 
ble because its lower specific gravity is likely to 
permit more rapid chemotactic response. 

The Genus Macromonas 

Cells of Macromonas are often found in habitats 
where Achromatium oxaliferum also occurs 
(Bavendamm, 1924; Gicklhorn, 1920; Lauterborn, 
1915; Skuja, 1956). To the knowledge of the 
authors, only one attempt at enrichment of these 
organisms has been described (Dubinina and 
Grabovich, 1984). Hence, most available data 
originate from observations on material directly 
taken from natural sources. 

The cells are colorless, cylindrical or bean 
shaped and sluggishly motile with one polar 
flagellum. Since flagellation was observed in the 
light microscope, presence of a tuft of flagella is 
more likely. Their typical characteristic is the 
presence of several large refractile spherules, 
which have been thought to consist of CaCOs; 
definite proof for this is lacking, however. In 
addition, small sulfur globules may be present. 

Two species have been recognized (la Riviere 
and Dubinina, 1989). 

Of the two species Macromonas mobilis (Fig. 
1) was first described by Lauterborn (1915) 
under the name Achromatium mobile and later 
by Gicklhorn (1920) as Microspira vacillans. The 
cells are ellipsoidal or cylindrical and slightly 
curved, measuring usually 9 by 20 pm. Smaller 
cells are often present and are believed to 
be daughter cells (Gicklhorn, 1920). The single 
polar locomotor organ (tuft of flagella?) mea- 
sures 20-40 pm and can be observed by light 
microscopy. It provides for motility at a rate of 
800 pm/min. Besides small sulfur inclusions, usu- 
ally between 5 and 15, one to four large refrac- 
tile bodies occur, which closely resemble the 
CaCOa inclusions of Achromatium oxaliferum 
and, therefore, are provisionally considered to 
consist of CaCOa. No methods for isolation are 
known. 
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Macromonas hipunctata (Fig. 1) was first 
described by Gicklhorn (1920) as Pseudomonas 
hipunctata and renamed Macromonas hipunc- 
tata by Utermohl and Koppe (Koppe, 1923). 
Dubinina and Grabovich (1984) reported the 
isolation of heterotrophic bacteria answering 
the description of Macromonas hipunctata by 
these authors. The cells are single or in pairs, 
pear-shaped, cylindrical or curved; they measure 
2.2-4 X 3.3-6.S pm. They are motile by a polar 
tuft of flagella. Gram-negative, strictly aerobic 
and catalase-positive. Sulfur inclusions are pro- 
duced when the cells are grown in media con- 
taining sulfide, which is oxidized by hydrogen 
peroxide and thus offers no useful energy to the 
cell. 

While recognizing the valid description of 
Macromonas hipunctata by Dubinina and 
Grabovich, la Riviere and Dubinina (1989) still 
maintain Macromonas mohilis as type species 
because “... now that the way has been paved, it 
is felt that isolation of Macromonas mobilis may 
take place in the near future and thus complete 
the taxonomy of the genus with a minimum of 
alterations.” 

Enrichment and Isolation of Macromonas hipunctata 
(Dubinina and Grabovich, 1984) 

The white mat found on the surface of bottom sediments 
in a sewage treatment plant was used for inoculating 
10 ml portions of the following semisolid medium con- 



tained in test tubes; 

Sodium acetate 1 g/1 

Calcium chloride 0.1 g/1 

Casein hydrolysate (Difco) 0.1 g/1 
Yeast extract (Difco) 0.1 g/1 

Agar (Difco) 1 g/1 



After sterilization, a mixture of vitamins and of trace- 
elements (Pfennig and Lippert, 1966) was added, as well 
as 0.2 mg freshly prepared FeS per 10 ml medium as 
source of sulfide. The pH was adjusted to 12-1 A. 

After two to three days at 28°C, a white surface film 
appeared, which contained a large number of typical 
Macromonas cells. Streaks were made from a suspension 
of this film on agar plates containing the medium 
described above solidified with 1 g agar/1. After two to 
three days flat Macromonas colonies appeared with a 
diameter of 1 to 4 mm and a finegrained structure. These 
colonies were used for subsequent purification by re- 
streaking on solid medium. 

The Genus Thiobacterium 

The organisms of this genus are nonmotile 
rods that form sulfur inclusions. The cells are 
embedded in gelatinous masses that are either 
“puffbair’-shaped or dendroid. Spherical, 
“puffbair’-shaped gelatinous masses may be 
found freely floating in stagnant, H 2 S-bearing 
waters (Fig. 1; Thiohacterium a). Dendroid gelat- 
inous masses may be found attached to solid sur- 



faces that are exposed to flowing, H 2 S-containing 
waters (Fig. 1; Thiohacterium b). 

Their lack of motility prevents these organisms 
from following chemotactically the spatial fluctu- 
ations of the zone of optimal H 2 S and O 2 con- 
centrations. This suggests that they are capable 
of growing under a wider range of H 2 S and O 2 
concentrations than acceptable to most of the 
motile colorless sulfur bacteria, or, alternatively, 
that they are confined to growth in locations 
where their optimal conditions more or less 
continuously prevail. The latter alternative 
appears to be supported by the fact that they are 
found floating at water-air interfaces or attached 
to solid surfaces. The first case is likely to occur 
when H 2 S generation is consistently so high that 
the zone of optimal conditions is kept automati- 
cally at the top of the anaerobic water column. 
The second case arises when a water stream with 
more or less constant H 2 S and O 2 concentrations 
is maintained for longer periods of time; this is 
the situation one finds in certain sections of the 
outflows of sulfur springs. 

In Ber gey’s Manual (Buchanan and Gibbons, 
1974; la Riviere and Kuenen, 1989a), only one 
species, Thiohacterium hovista, was recognized. 
It comprised the bacteria embedded in spherical, 
gelatinous masses, first described by Molisch 
(1912) under the name of Bacterium hovista, as 
well as those embedded in dendroid structures, 
first described by Lackey and Lackey (1961) 
under the name of Thiodendron mucosum. 
Observations in nature of Thiohacterium hovista 
have been reported by Scheminzky et al. (1972) 
and by Caldwell and Caldwell (1974). 

Molisch obtained the spherical colony type 
(Fig. 1) of Thiohacterium at the surface of Wino- 
gradsky column enrichments prepared with sea- 
water plus a sediment consisting of black mud 
mixed with decaying algae, all ingredients origi- 
nating from the harbor of Trieste, in which 
the organism was also directly observed. The 
diameter of the spherical structures ranged from 
microscopic dimensions to about 4 mm and the 
structures were sometimes clustered together. 
The lengths of the cells were between 2 and 5 
pm, their width between 0.6 and 1.5 pm. They 
usually contained four sulfur globules per cell. 
These cells were embedded in the gelatinous 
skin of the spherical masses, the inside of which 
was filled with water. The nature of the mucoid 
matrix was not elucidated. 

The dendroid forms (Fig. 1) were found by 
Lackey and Lackey (1961) in saline, H 2 S-bearing 
waters in Florida at temperatures between 13 
and 30°C. The dendroid matrix, of as yet uniden- 
tified material, had the shape of branching 
filaments with a varying thickness of up to 
20pm, individual branches sometimes being 
clubshaped. Thus, the colonies acquired treelike 
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structures, reaching a width of up to 3 mm. Most 
of the colonies were found attached to algal and 
cyanobacterial cells (generally of the genus Lyn- 
gbya), which raises the question of a possible 
interaction involving O 2 . 

The cells were randomly arranged throughout 
the branches and consisted of rods, normally 3- 
5 pm and 1.5 pm wide; in the swollen ends of 
the branches, however, cells three times that size 
were found. Most cells contained three to eight 
sulfur globules arranged on a longitudinal axis. 

The organism could not be grown in enrich- 
ments in the laboratory but was kept alive for 3 
months in jars with water of the original habitat 
at 20°C. 

The Genus Thiospira 

Thiospira cells consist of typical colorless spirilla 
with sulfur inclusions. Their polar flagella are in 
some cases united in a tuft, visible in the light 
microscope. The cells are chemotactic with 
respect to O 2 and H 2 S. They can arrange them- 
selves in characteristic agglomerations located in 
regions of optimal H 2 S and O 2 concentrations, 
forming “Bakterienplatten” in liquid columns 
and “Atmungsfiguren” in covered slide prepara- 
tions (Fig. 4). The members of the genus have 





Fig. 4. Thiospira sp. (from upwelling groundwater near 
Delft, The Netherlands). (Courtesy of J. Klein, IHE, Delft.) 
(1) Cells accumulating at the optimum 02/H2S-zone. Bar = 
100 pm. (2) Dividing cell with a flagellum. Bar = 10 pm. 



been found in fresh waters and marine environ- 
ments in which H 2 S was present. 

At the moment, two species are recognized (la 
Riviere and Kuenen, 1989b). 

Thiospira hipunctata (Fig. 1) was first 
described by Molisch (1912) and at that time 
named Spirillum hipunctatum. Its cells are 
slightly twisted rods forming short spirilla with a 
width of 1. 7-2.4 pm and a length of 6.6-14 pm. 
They are most probably polarly flagellated. Each 
end of the cell typically contains a large granule 
of some storage material, described as volutin, 
leaving a clear space in the middle normally filled 
with two or three sulfur globules. The latter are 
sometimes also found at the ends. 

Thiospira winogradskyi (Fig. 1) was first 
described by Omelianski (1905) and at that time 
named Thiospirillum winogradskii. It is a color- 
less spirillum containing numerous sulfur glob- 
ules that may disappear when the H 2 S in the 
medium is exhausted. It is 2-2.5 pm wide and can 
reach a length of 50 pm. “Volutin” bodies are 
absent. The cells have polar flagella and are 
strongly chemotactic. 

Dubinina and Grabovich (1983) reported 
the isolation of heterotrophic spirilla under the 
name of Thiospira hipunctata. These were mor- 
phologically similar to Thiospira hipunctata as 
described by Molisch since they formed sulfur 
inclusions when grown in media containing sul- 
fide. The sulfur was formed by nonspecific sulfide 
oxidation by metabolically produced hydrogen 
peroxide. Since other heterotrophs have also 
been found to form sulfur inclusions in sulfide- 
containing media (Skerman et al., 1957), further 
study is required for determining the proper 
taxonomic status of these isolates, which may 
well prove to be identical to existing Spirillum 
species. 

Enrichment Procedures 

All enrichments for Thiospira have been carried 
out in Winogradsky columns (Winogradsky, 
1888) in which H 2 S was released from a 
sediment. 

Molisch (1912) enriched Thiospira hipunctata 
from mud from a Black Sea estuary (a liman) in 
cylinders (5-15 x 10-30 cm) filled with seawater 
and a sediment of mud mixed with dying or dried 
algae. The columns were kept for several weeks 
at room temperature in the dark or under dim 
light. 

Omelianski (1905) enriched Thiospira wino- 
gradskyi using tap water and a mixture of liman 
mud, CaS 04 , and fragmented rhizomes in cylin- 
ders 7 cm wide and 40 cm high. After some 
months’ incubation at room temperature in the 
dark, “Bakterienplatten” appeared in the lower 
part of the columns, which moved up and down 
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Fig. 5. Thiovulum majus (from Bergen op Zoom, The Netherlands). (1) Periphery of a veil of Thiovulum majus. Bar = 
50 jim. (2) Swarming cells. Bar = 20 pm. (From Schlegel, 1976.) 



with the prevailing H 2 S concentration. When the 
cells had settled to the bottom, the sediment was 
stirred up, which apparently led to renewed H 2 S 
production and prolongation of the lifetime of 
the culture, which in this way could be kept for 
2 years. The present authors had occasion to 
observe a Thiospira species among the colorless 
sulfur bacteria at 7°C in the outflow of an 
upwelling, H 2 S-bearing groundwater near Delft, 
The Netherlands (Fig. 4). The cells formed 
“Atmungsfiguren” in slide preparations and 
could be kept viable for at least 6 weeks at 4°C 
in the dark, in cylinders containing groundwater 
and some mud from the location of origin. 

The Genus Thiovulum 

The cells of this spectacular genus (Figs. 1 and 5) 
are ovoid and measure 5-25 pm in length. They 
normally contain sulfur inclusions, often concen- 
trated at one end. The cells multiply by longitu- 
dinal fission preceded by constriction. The cells 
have peritrichous flagella that provide strong 
chemotactic motility, the cells rotating around an 
axis coinciding with the path of travel; they never 
reverse direction and concentrate at places of 
optimum O 2 and H 2 S concentrations in sharply 
defined characteristic veils or webs consisting of 
separate, ever moving, individual cells, to some 



extent held together by a very loose slime matrix 
(Fig. 5). 

Because of this strong chemotaxis, the devel- 
opment of methods for enrichment and cultiva- 
tion has been more successful for Thiovulum 
than for the other genera discussed in this 
chapter. 

Only one species, Thiovulum majus, is recog- 
nized (la Riviere and Kuenen, 1989c). This 
includes the former species Thiovulum minus 
(Hinze, 1913). Other obsolete names are Monas 
muelleri (Warming, 1875) and Thiovulum muel- 
leri (Lauterborn, 1915). 

Ecology 

Thiovulum has been observed in marine envi- 
ronments and saline springs by Warming (1875), 
Hinze (1903, 1913), Molisch (1912), Bavendamm 
(1924), Faure-Fremiet and Rouiller (1958), 
Lackey and Lackey (1961), and la Riviere 
(1963). Freshwater forms were reported by 
Lauterborn (1915) and Lackey and Lackey 
(1961). In all instances, Thiovulum is found in 
very sharply localized white masses in situations 
where H 2 S meets with O 2 . Since it appears 
restricted to low concentrations of each sub- 
stance for optimal growth, the patterns it forms 
provide a macroscopic visualization of this bor- 
derline, even in slowly flowing waters, as the cells 
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rapidly follow changes of the concentration 
gradient. This makes it sometimes possible to 
identify Thiovulum accumulations in nature by 
their characteristic white patterns observed 
above black, sulfide-releasing muds in otherwise 
clear water. Similarly, such veils may be observed 
over decaying organic matter in flowthrough 
marine aquaria. 

Measurements with microelectrodes in natural 
and laboratory systems (Jprgensen and Revsbech, 
1983) have established that these veils are about 
100 pm thick and are formed at the interface of 
the oxygen and sulfide zones. The veils create an 
unstirred boundary layer preventing mixing of 
oxygen and sulfide and thus also preventing 
chemical sulfide oxidation. The veils thus create 
a situation in which the Thiovulum cells are fed 
by diffusion of both substrates, which each pen- 
etrate over a distance of 50 pm into the veil. In 
oxygen-rich water the veils take the shape of 
small spheres which are made anaerobic in the 
center by the rapid oxygen utilization of the cells, 
which thus create the gradient required for opti- 
mum growth. J0rgensen and Revsbech (1983) 
provide further fascinating evidence showing 
that the chemotactic behavior of Thiovulum is 
extremely sensitive to environmental influences 
and is an important instrument, by “concerted 
action” of many cells, in the creation of the pre- 
carious niche in which Thiovulum lives. 



Enrichment 

Unpublished work by van Niel, Wijler, and 
Lascelles (van Niel, 1955) led to the develop- 



ment of a simple enrichment method, described 
by la Riviere (1963, 1965). The method has been 
successfully used in Pacific Grove (California), in 
Delft (The Netherlands), and also in Woods Hole 
(Massachusetts) (Wirsen and Jannasch, 1978). 

Enrichment of Thiovulum (Wirsen and Jannasch, 
1978) 

A layer of decaying seaweed (Ulva) mixed with some 
marine mud is placed on the bottom of a jar of 1-10 liters 
filled with seawater, and the thickness of the compressed 
algal layer is kept to less than half the height of the jar 
(Fig. 6A). A continuous, slow flow of seawater is intro- 
duced near the surface of the sediment, and the jar is 
allowed to overflow. The layer of Ulva via sulfate reduc- 
tion acts as a source of H 2 S while the flowing seawater 
provides a continuous supply of O 2 . By means of chemo- 
taxis, the cells of Thiovulum seek out the regions of opti- 
mal concentration, where growth takes place in 
characteristic veils. The flow of seawater has also the 
essential functions of supplying the sediment with S 04 ^“ 
as a source of H 2 S and of flushing out contaminating 
organisms that are not chemotactic; as a rule the Thiovu- 
lum veils are surrounded by clear water. 

When fresh Ulva is used, one should wait ca. 2 weeks 
before starting the seawater flow; a thick film of bacteria 
usually has developed at the surface at that time. After 
the flow of seawater is started, growth of Beggiatoa and/ 
or Thiothrix may be observed in the upper part of the jar. 
In that case, the flow rate should be increased somewhat; 
the filamentous bacteria move to lower regions and even- 
tually to the bottom while Thiovulum appears in the top 
layer usually 2-3 weeks after the start of the experiment. 
This indicates that the optimum sulfide concentration for 
Thiovulum is definitely lower than that for Beggiatoa and 
Thiotrix. When the flow rate is further increased, the veils 
of Thiovulum move further downwards. 

At all times the culture should be kept in the dark, and 
relatively low temperatures (15°C) appear to be favor- 




Fig. 6. Culture vessels for enrichment of Thiovulum: (A) by Wijler’s method and (B) for stationary cultivation of Thiovulum. 
(A): 1, inflow of seawater; 2, overflow; and 3, layer of decaying Ulva. (B); 1, sulfide-containing agar layer; 2, seawater; 3, 
protective tube for localized aeration; 4, Pasteur pipette; and 5, cotton plug. The broken line indicates the zone of growth of 
Thiovulum. 
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I able. The layer of Ulva can be replaced by decaying 
marine animals like starfishes and sea urchins; a layer of 
fishmeal has also given positive results. 

Wirsen and Jannasch (1978) found that an ini- 
tial addition of neutralized Na2S led to an earlier 
appearance of Thiovulum veils and to larger 
enriched populations. 

Enrichment cultures of Thiovulum can be 
used as a source of crude cell material for several 
weeks until the H2S-generating power of the 
sediment is exhausted. Lateral illumination with 
a flashlight greatly facilitates observation and 
harvesting of the Thiovulum veils. 

Purification of Crude Cell Material 

Besides filtration, methods based upon the 
chemotaxis of Thiovulum have been used, singly 
or in combination, la Riviere (1963, 1965) used 
the following method: 

Purification of Thiovulum (la Riviere, 1963, 1965) 

A total of 50-100 ml of a cell suspension carefully har- 
vested by pipetting from an enrichment culture is rapidly 
filtered through a thin layer of cotton or of cheesecloth 
into a 100-ml glass cylinder. After 5-10 min, the cells 
settle chemotactically near the bottom, from where they 
are transferred by means of a pipette in as small a volume 
as possible into a test tube containing 15 ml sterile, aero- 
bic seawater, cooled to about 15°C, in which they again 
form a veil near the bottom in 5-15 min. Repeated trans- 
fers in a similar manner to fresh tubes with sterile seawa- 
ter lead to highly purified cell suspensions, as the initial 
filtration removes debris, protozoa, and other larger 
organisms while subsequent “washings” decrease the 
number of smaller contaminants. Plating on media for 
Thiobacillus and for heterotrophs permits following the 
effectiveness of the purification steps. 

The success of the method depends entirely on 
the degree of initial contamination of the raw 
material and the capacity of the cells to survive 
successive purification steps. In experiments in 
Pacific Grove, “washing” could be performed 
6-10 times in succession, leading to suspensions 
that were consistently free from contaminants. 
However, similar pure suspensions were not 
obtained in experiments in The Netherlands (la 
Riviere, 1965) or in Woods Hole (Wirsen and 
Jannsch, 1978), which is probably caused by dif- 
ferences in vigor between the enriched popula- 
tions and in properties of the seawater used, such 
as temperature, degree of pollution, and micro- 
bial contamination. 

Wirsen and Jannasch (1978) used the follow- 
ing modifications of the method described 
above: 

1. Repeated chemotactic “washing” by pipet- 
ting or decantation in sterile aerobic seawater 
without an initial filtration step; this could be 
done only when freshly formed veils, relatively 



free from larger organisms, were available in the 
enrichments. 

2. Chemotactic “washing” in deoxygenated 
sterile seawater, in which case the cells migrate 
to the top layer. 

3. Concentration and washing of the cells by 
means of a membrane filter with a porosity of 
8 pm. Initial cell suspensions are concentrated to 
about 2 ml by suction, whereupon fresh sterile 
seawater is added, followed again by concentra- 
tion by suction, Thiovulum cells being retained 
by the filter while contaminants are passed 
through it. Three to five such “washings” are 
possible. 

Application of these methods combined with 
subsequent cultivation procedures provided 
Wirsen and Jannasch (1978) with highly puri- 
fied cell suspensions suitable for electron 
microscopy and for the performance of some 
important physiological experiments. The 
various treatments, however, could not be 
repeated a sufficient number of times to obtain 
suspensions that were entirely free from 
contaminants. 

Cultivation of Purified Thiovulum 
Populations 

Stationary Cultivation of Thiovulum 
Suspensions free from Contaminants (La 
Riviere, 1963, 1965). In a 500-ml Erlenmeyer 
flask, 250 ml of the following sterile agar medium 
is sterilized at 120°C for 10 min: 250 ml seawater, 
2% agar (Difco), 0.01% NH4CI, 0.01% KH2PO4. 
Just prior to solidiflcation of the agar, 2.5 ml 
of a separately heat-sterilized solution of 1% 
Na2C03 in seawater is added, followed by 8 ml 
of sterile seawater previously saturated by gas- 
eous H2S. The pH does not need adjustment; it 
should be around 8.0. After setting of the agar, 
250 ml of seawater are added and the flask is 
closed with a steam-sterilized stopper allowing 
for local aeration by means of a Pasteur pipette 
surrounded by a vertical glass tube which is open 
at the lower end (Fig. 6B). In this way, aeration 
is restricted to the inside of the protective glass 
tube, the dissolved oxygen slowly diffusing 
downwards to the bulk of the seawater layer. 
Thus, a gradient between the tube and the agar 
block is established which can be easily demon- 
strated with a redox dye; e.g., thionine. Without 
aeration, the dye is in its reduced form through- 
out the liquid; with conventional aeration with- 
out protection tube, the turbulence distributes 
the oxygen uniformly and the dye is in its oxi- 
dized form throughout the liquid. With localized 
aeration we obtain a sharp boundary between a 
“reduced” and an “oxidized” zone, which can be 
maintained for weeks. 
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The flask is placed at a temperature of 10- 
15°C and kept under constant aeration with 
cotton-filtered air. After equilibration overnight, 
the flask is ready for inoculation with purified 
cell material, and soon the individual cells of 
the inoculum can be seen to settle in one plane 
somewhere between the agar surface and the 
aeration tube. 

Within days, the cells increase in number until 
a sharply defined web is formed at about 1 cm 
above the agar surface in an otherwise clear 
liquid. On prolonged incubation, the web rises 
slowly because of increasing O 2 demand; later 
on the web moves downward as H 2 S becomes 
exhausted. By this time, signs of decay become 
apparent: White strands consisting of dead cells 
adhering to each other hang down from the sides 
of the flask. The life of the culture lasts for about 
3 weeks. 

This procedure has been successfully used only 
in Pacific Grove, where purification of the inoc- 
ulum could be pursued to the point where all 
contamination had been eliminated. It was also 
used — with some modification — by Pringsheim 
and Kowallik (1964) in their study of H 2 S oxida- 
tion by Beggiatoa. 

It should be pointed out that the method is 
unsuitable when impurities are present, as Thio- 
vulum is rapidly overgrown in any closed station- 
ary system. It should further be realized that 
even when successful the method yields only 
very small amounts of cell material. 



Cultivation in Open, Flow-through Systems. 
Such systems are based upon the same principle 
that underlies the enrichment culture method. 
Besides the use of sterilized, aerated seawater 
fed into the culture vessel by controlled pump- 
ing, different sources for input of H 2 S have been 
applied. These include periodical addition of H 2 S 
or portions of saturated solutions of H 2 S once 
or twice daily (la Riviere, 1963, 1965). Wirsen 
and Jannasch (1978) developed several reliable 
devices in which continuous H 2 S provision was 
assured from different sources: 




Fig. 7. Double culture vessel for the maintenance of purified 
cell suspensions of Thiovulum sp. (after Jannasch and Mate- 
les, 1974; and Wirsen and Jannasch, 1978). (A) Culture vessel 
with Desulfovibrio estuarii. (B) Culture vessel for Thiovu- 
lum. 1, lactate supply; 2, semipermeable membrane; 3, inflow 
of air-saturated seawater; 4, overflow. The broken line indi- 
cates the zone of growth of Thiovulum. 



3. A neutralized solution of Na 2 S in sterile 
seawater separated from the culture vessel by a 
dialysis membrane. 

4. A coil of silicone tubing, permeable to H 2 S, 
through which a gas mixture of N 2 and H 2 S (1%) 
was kept circulating. The coil was placed on the 
bottom of the culture vessel. 

The same authors, furthermore, used closed- 
flow systems based upon recirculation rather 
than open systems with overflow. In the closed 
system, no Thiovulum cells are lost, but contam- 
inants are not flushed away; hence they are only 
useful for specific short-term experiments. 

Finally, it should be pointed out that none of 
the authors who studied Thiovulum has been 
successful in using solid media. Also H 2 S could 
not be replaced by thiosulfate, nor could nitrate 
be substituted for O 2 . 



1. Decaying Ulva kept separately from the 
culture vessel by a nylon membrane of 0.45-pm 
porosity. 

2. A pure culture of Desulfovibrio aestuarii 
separated from the culture vessel in the same 
way, H 2 S generation being kept up by periodic 
addition (every 2-4 weeks) of fresh sodium 
sulfate/lactate medium. This system (Fig. 7) 
provided the best results, permitting the mainte- 
nance of active Thiovulum populations for 220 
days without reinoculation; during this time cells 
were frequently harvested, leading to rejuvena- 
tion of the veils. 



State of Present Knowledge on Thiovulum 

Besides the properties mentioned earlier, further 
characteristics of the organism have been deter- 
mined by study of cell material derived from 
enrichments and from mass cultivation of puri- 
fied material. 

Thiovulum is Gram-negative and catalase- 
negative (la Riviere, 1965); the cells die quickly 
at high O 2 concentrations, as can be easily seen 
when they are trapped at the edges of a slide 
preparation. They are also immediately killed 
by anaerobic conditions. Its internal structure 





CHAPTER 14.1 



Morphologically Conspicuous Sulfur- Oxidizing Eubacteria 953 



has been studied by electron microscopy by 
Faure-Fremiet and Rouiller (1958), de Boer et al. 
(1961), Remsen and Watson (1972), and Wirsen 
and Jannasch (1978). Among its most striking 
features are Faure-Fremiet’s polar fibrillar 
organelle, the thin cell wall, and the slime excre- 
tion, which plays a role in structuring and main- 
taining the veils in which, nevertheless, the cells 
are in continuous motion. A discussion of the 
earlier results is presented by Starr and Skerman 
(1965). 

Wirsen and Jannasch (1978) performed uptake 
experiments with CO 2 and some organic com- 
pounds labeled with on highly purified 

cell suspensions, which permitted correction for 
uptake by contaminants. They showed substan- 
tial CO 2 uptake in Thiovulum which was optimal 
at H 2 S concentrations of 1 mM in initially air- 
saturated seawater. No significant carbon up- 
take was registered for casamino acids, acetate, 
glutamate, mannitol, and some vitamins. These 
results provide strong evidence for the chem- 
olithotrophic nature of the Thiovulum strains 
examined. 
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The Genus Propionigenium 

BERNHARD SCHINK 



The genus Propionigenium consists so far of two 
species, P. modestum and P. maris. Propionige- 
nium modestum comprises four strains of physi- 
ologically and morphologically similar isolates 
from various origins (Schink and Pfennig, 1982). 
This genus was created to house strictly anaero- 
bic bacteria that are able to grow by decarboxy- 
lation of succinate to propionate. Enrichment 
cultures, which were set up originally to enrich 
for syntrophic succinate degraders from marine 
and freshwater sediments, developed unexpect- 
edly fast growth of small, coccoid bacteria that 
did not depend on cooperation with hydrogen- 
scavenging partners and formed propionate as 
the sole organic fermentation product. Pure cul- 
tures could be obtained only with enrichment 
cultures from marine sources; the freshwater 
enrichments grew much slower, and pure cul- 
tures were finally isolated when the sodium chlo- 
ride concentration of the medium was enhanced 
to 100-150 mM. This finding gave the first hint of 
sodium dependence of this new type of energy 
conservation. A further species, P maris, was 
created later to comprise bacteria similar to P. 
modestum which, however, are metabolically 
much more versatile and are able to ferment, 
beyond succinate, also carbohydrates, amino 
acids, and other organic acids (Janssen and 
Liesack, 1995). 

Succinate is formed in large amounts in the 
rumen of cows and sheep, but the animal host 
cannot take up this valuable fermentation prod- 
uct (Wolin, 1979). Conversion of succinate to 
propionate is therefore an important function of 
the rumen microbiota, and succinate decarboxy- 
lation appears to be a rather common capacity 
of several propionate-forming fermenting bacte- 
ria, e.g., Selenomonas (Scheifinger and Wolin, 
1973), Veillonella (Yousten and Delwiche, 1961), 
or certain Propionibacterium spp. (Yousten and 
Delwiche, 1961). Initially these conversions were 
regarded as “cometabolic” activities, which did 
not provide any advantage to the bacteria. Many 
years later, it was shown that the methylmalonyl- 
CoA decarboxylase of Veillonella alcalescens is 
a membrane-bound enzyme that couples the 
decarboxylation reaction with the transfer of 



sodium ions across the cytoplasmic membrane 
(Hilpert and Dimroth, 1982). The sodium gradi- 
ent thus established helps to provide energy for 
transport of dicarboxylic acids across the mem- 
branes, but it does not allow growth of these 
bacteria with succinate. It was quite a surprise, 
therefore, when a bacterium was isolated from 
sediments that can run its entire energy metabo- 
lism for growth on this decarboxylation reaction. 
This unusual capacity explains why these isolates 
were placed in a new taxonomic unit, apart from 
other propionate-forming bacteria. 

Today several other bacteria able to grow 
by conversion of succinate to propionate are 
known. Among these are Gram-negative meso- 
philes and also thermophiles (Denger and 
Schink, 1990; C. Guangsheng and A. Stams, 
unpublished observations). The coupling 
between sodium-extruding decarboxylation and 
ATP synthesis varies to some extent between 
these isolates, and the direct sodium coupling 
between a methylmalonyl CoA decarboxylase 
and a sodium-dependent ATPase as found in 
Propionigenium modestum (see below) is not the 
only solution to this problem. Later we could 
show that also Veillonella parvula (Mays et al., 
1982; Delwiche et al., 1985) harnesses energy 
from succinate decarboxylation leading to 
enhanced growth yields in the presence of other 
substrates, but it cannot convert succinate decar- 
boxylation directly into ATP formation and thus 
is unable to grow with succinate as sole substrate 
(Denger and Schink, 1992). 

Habitats 

Propionigenium modestum was originally iso- 
lated from a black, anoxic, marine sediment 
sample taken from the Canal Grande in Venice, 
Italy, where it made up 100 cells/ml of sediment 
(Schink and Pfennig, 1982). Similar strains were 
isolated later from many other marine habitats 
and also from human saliva. Enrichments from 
freshwater sediments sometimes produced cells 
of similar morphology as P. modestum and could 
be cultivated only in media with enhanced (100- 
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150 mM) sodium chloride concentrations. Later 
enrichment experiments with freshwater sedi- 
ments from many different sites in Germany, 
Italy and the United States yielded different, 
vibrioid. Gram-negative bacteria (Denger and 
Schink, 1990). Also P. maris was isolated from 
marine sediments (Janssen and Liesack, 1995). 
No isolates able to grow with succinate as the 
sole energy source have yet been obtained from 
rumen ecosystems. 

It has to be assumed that anoxic marine sedi- 
ments are the typical habitats of these bacteria. 
Their energy metabolism is based on sodium ions 
as coupling ions in energy conservation. With 
this ability, they are well adapted to a marine 
environment. Several marine bacteria have been 
found to use sodium ions as energy couplers in 
various functions, e.g., respiration (Skulachev, 
1985; Dibrov et al., 1986b) or motility (Brown et 
al., 1983; Dibrov et al., 1986a). 

Propionigenium maris-liko bacteria were iso- 
lated also from burrows of bromophenol- 
producing marine infauna, where they obviously 
are involved in reductive debromination of bro- 
mophenols (Watson et al., 2000). They probably 
used organic excretions of the infauna as elec- 
tron donor for this reductive reaction. 



Isolation 

Medium for Isolation and Cultivation 

A strictly anoxic, sulfide-reduced mineral 
medium with 20 mM succinate as the sole 
organic carbon and energy source, and incuba- 
tion at 27-30°C, has proved to be highly selective 
for the enrichment of P modestum if marine sed- 
iment samples of about 5-ml volume are used as 
the inoculum. The carbonate-buffered standard 
medium used for enrichment and isolation is 
described below (Widdel and Pfennig, 1981; 
Schink and Pfennig, 1982). 

Bicarbonate-Buffered Standard Medium 



KH 2 PO 4 0.2 g 

NH 4 CI 0.5 g 

NaCl 20.0 g 

MgCfi • 6 H 2 O 3.0 g 

KCl 0.5 g 

CaCfi • 2 H 2 O 0.15 g 



Dissolve ingredients in 1 liter of distilled water. Autoclave 
the complete mineral medium in a vessel equipped with 
a filter inlet to allow flushing of the headspace with sterile 
oxygen-free gas and use screw cap inlets for addition of 
thermally unstable additives after autoclaving. Connect 
silicon tubing from the bottom of the vessel to a dispens- 
ing tap (if possible with a protecting bell) for sterile 
dispensing of the medium (do not use latex tubing; it 
releases compounds that are toxic to many anaerobes). A 
stirring bar is also required. After autoclaving, connect 
the vessel with the still hot medium to a line of oxygen- 



free nitrogen: carbon dioxide mixture (90% N 2 : 10 % CO 2 ) 
at low pressure (<100 mbar). Flush the headspace and 
cool the medium under this atmosphere to room temper- 
ature, perhaps with the help of a cooling water bath. 

The mineral medium is amended with the fol- 
lowing additions from stock solutions that have 
been sterilized separately (amounts per liter of 
medium): a) 30 ml of 1 M NaHCOs solution 
(autoclaved in a tightly closed screw cap bottle 
with about 30% headspace. The bottle should be 
autoclaved in a further protecting vessel, e.g., a 
polypropylene beaker, to avoid spills of carbon- 
ate if the bottle breaks in the autoclave); b) 2 ml 
of 0.5 M Na 2 S • 9 H 2 O solution (autoclaved sepa- 
rately under oxygen-free gas atmosphere as 
above); c) 1 ml of trace element solution, e.g., 
SL 10 (Widdel et al., 1983); d) 0.5 ml of 10-fold 
concentrated, filter-sterilized vitamin solution 
(Pfennig, 1978); and e) adequate amounts of 
sterile 1 M HCl or 1 M Na 2 C 03 to adjust the pH 
to 11-13. 

The complete medium is dispensed into either 
screw-cap bottles or screw-cap tubes which are 
filled to the top, leaving a lentil-sized air bubble 
for pressure equilibration. Enrichment cultures 
usually produce gas in the first enrichment stages 
and are better cultivated in half-filled 50- to 100- 
ml serum bottles under a headspace of nitrogen: 
carbon dioxide mixture (90% N2:10% CO 2 ). Not 
all strains require this vitamin mixture. 

For mass cultivation of P. modestum strain 
GraSucc2 in fermentors, a phosphate-buffered 
medium is easier to handle. The following 
medium has been applied successfully (Hilpert 
et al., 1984). 

Phosphate-Buffered Medium 



Distilled water 940 ml 

KH2PO4 4.2 g 

NH4CI 0.5 g 

NaCl 20.0 g 

MgCfi • 6H2O 3.0 g 

CaCfi • 2 H 2 O 0.15 g 



Add sulfide, trace elements, and vitamins as above, as well 
as 60 ml of a neutralized 1 M sodium succinate solution, 
and adjust the pH to 7.0 before inoculation. 



Isolation of Pure Cultures 

After two to three transfers in liquid medium, 
gas should no longer be formed by the enrich- 
ment cultures, and a dominant population of 
short, coccoid rods should be established. These 
bacteria can be isolated in anoxic agar deep dilu- 
tion series (Pfennig, 1978) or in roll tubes (Batch 
et al., 1979). Streaking Petri dishes in an anoxic 
glove box has not yet been tried with these 
bacteria. Preparation of pure cultures requires 
two subsequent dilution series; purity should 
be checked after growth in selective mineral 
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medium and in complex medium, e.g., AC 
medium (Difco Laboratories, Ann Arbor, MI, 
USA). AC medium prepared according to the 
original recipe appears to inhibit several sedi- 
ment bacteria. Therefore, a 1:10 or 1:5 diluted 
variation (in seawater as well as in freshwater 
medium, with adjusted agar concentration) of 
this medium should be used to ensure that the 
cultures are pure. 

Propionigenium maris requires yeast extract 
(0.1 % [w/v]) for growth in pure culture. Addition 
of yeast extract is not recommended in the liquid 
enrichment cultures but is needed in the purifi- 
cation step. 

Identification and 
Fnrther Properties 

In phase contrast microscopy, cells of P. modes- 
tum appear as short, coccoid rods (0.5-0.6 x 0.5- 
2.0 qm), often in short chains (Fig. 1). They are 
Gram negative and do not form spores. The G+C 
content of the DNA is in the range of 32- 
36 mol%. 

Propionigenium modestum is strictly anaero- 
bic and does not withstand increased oxygen ten- 
sions. The optimum temperature for growth is 
30-33°C, and under these conditions, doubling 
times of 2.5-4.5/h are obtained, depending on 
whether yeast extract (0.1% [w/v]) is provided as 
source for assimilatory metabolism. Yeast extract 
is not required and does not support the energy 
metabolism, but it enhances the growth yields by 
about 35%. 

In addition to succinate, fumarate and pyru- 
vate also support growth and are fermented sto- 
ichiometrically to acetate and propionate. No 
sugars, alcohols, or any other organic substrates 
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Fig. 1. Phase contrast photomicrograph of cells of Propion- 
igenium modestum strain GraSucc2 (type strain) after growth 
with 20 mM succinate. Bar = 5 pm. 



are utilized. No cytochromes have been 
detected, which is consistent with the absence of 
electron transport phosphorylation. The growth 
yields with fumarate and pyruvate are small 
(3.8 and 6.2 g/mol of fumarate and pyruvate, 
respectively). 

Also P maris forms coccoid to ovoid cells or 
short rod-like cells of similar size as P. modestum 
cells. It is metabolically much more versatile than 
P modestum but depends on yeast extract as an 
obligate medium constituent. In the presence of 
yeast extract, it ferments succinate, fumarate, 
pyruvate, citrate, 3-hydroxybutyrate, glucose, 
fructose, maltose, aspartate, lysine, threonine, 
glutamate and cysteine; the typical organic fer- 
mentation products include formate, acetate, 
propionate and butyrate. Succinate is fermented 
to propionate, carbohydrates are fermented to 
formate, acetate, ethanol and lactate. Hydrogen 
is produced from carbohydrates and yeast 
extract, ammonia from amino acids, and sulfide 
from cysteine. Sulfate, sulfur, thiosulfate and 
nitrate are not reduced; catalase is not present, 
and indole is formed from L-tryptophan. Propi- 
onigenium maris requires anoxic growth con- 
ditions. The temperature optimum is at 34- 
37°C and the pH optimum, at 6. 9-7.7. Growth 
requires at least 5 g/liter of NaCl, at maximum 
55 g/liter of NaCl. Cytochromes were not 
detected. The DNA base ratio is 40 mol% G+C. 

Early 16S rRNA gene sequence analyses 
revealed that P maris and P modestum are 
closely related and form a distinct lineage within 
a phylogenetically coherent group characterized 
by Fusohacterium nucleatum and other Fusobac- 
terium species, together with Clostridium rectum, 
Leptotrichia buccalis and Sebaldella termitidis 
(Both et al., 1991; Janssen and Liesack, 1995). 
This group has been elevated to the rank of a 
phylum, Fusobacteria, embracing besides Propi- 
onigenium the genera Fusobacterium, Ilyobacter, 
Leptothrichia, Sebaldella, Streptobacillus and 
Sneathia (Garrity et al., 2002). 

The biochemical basis of energy conservation 
with succinate as sole substrate has been studied 
in detail with P. modestum (Hilpert et al., 1984). 
Succinate exchanges in the cell with propionyl- 
CoA to form succinyl-CoA and free propionate, 
which leaves the cell. Succinyl-CoA is rear- 
ranged to methylmalonyl-CoA and is decarbox- 
ylated by a membrane-bound decarboxylase 
that couples this reaction with the transport of 
sodium ions across the cytoplasmic membrane. 
The sodium ion gradient thus established drives 
ATP synthesis via a membrane-bound, sodium- 
dependent ATP synthase. 

This unusual coupling of decarboxylation and 
ATP synthesis was the first case of an energy 
metabolism that was based entirely on sodium as 
coupling ions and which did not involve classical 
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substrate-linked phosphorylation or electron 
transport phosphorylation steps. Today we know 
of several more cases of bacteria whose total 
energy metabolism is based on decarboxylation 
reactions (Dimroth and Schink, 1998). The bio- 
chemical basis for energy conservation may be 
quite different in each case: e.g., anaerobic bac- 
teria that ferment oxalate to formate and carbon 
dioxide employ a decarboxylase enzyme which is 
soluble in the cytoplasm and does not act as an 
ion pump, and energy conservation occurs via 
substrate import and product export by an anti- 
porter system (Anantharam et al., 1989). 

The ATPase of P. modestum has been charac- 
terized in more detail (Laubinger and Dimroth, 
1987; Laubinger and Dimroth, 1988; Dimroth, 
2000). It is composed of an Fi and an Fq moiety, 
both of which have subunits comparable to 
those of a classical bacterial proton ATPase. The 
enzyme of P. modestum can also pump protons 
across the membrane, but only if the sodium con- 
centration is very low (<0.1 mM). Under physio- 
logical conditions, ATP synthesis is driven 
entirely by sodium ions. The Na^ translocating 
ATP synthase of P. modestum became a model 
system for the study of ion translocation in 
ATPase enzymes in general. The specificity for 
Na^ translocation is localized in the Fq unit, as 
could be shown elegantly in transport experi- 
ments with hybrid ATPases composed of Fi units 
from Escherichia coli and Fq units of P. modestum 
(Laubinger et al., 1990). The specificity for 
sodium ions could be changed by site-directed 
mutagenesis (Kaim and Dimroth, 1995; Wehrle 
et al., 2002). The enzyme has been cloned and 
formed an active complex after homologous 
recombination in E. coli (Kaim and Dimroth, 
1993). Detailed analysis of the rotation process 
by which ATP is synthesized by this enzyme has 
shown that voltage is the determining factor, 
together with the chemiosmotic effect of Na^ 
(Kaim and Dimroth, 1998). Today, understand- 
ing of the ATP synthesis apparatus of P. modes- 
tum is very detailed (Dimroth, 2000) and at the 
same level as the corresponding proton-pumping 
enzyme of E. coli. It has become one of the two 
favorite ATPase systems studied in depth to 
understand the coupling of Fi rotation in the Fq 
stator system, and it may be the most promising 
one to finally elucidate the quantitative relation- 
ship between ion transport and ATP formation. 

Energy conservation by decarboxylation is of 
special interest because the free energy change 
of such reactions is small and yields only about 
20-25 kJ/mol. If such reactions drive ATP syn- 
thesis (the free energy expense is 70-75 kJ/mol 
of ATP; Thauer et al., 1977), several decarboxy- 
lation reactions have to be coupled with one ATP 
synthesis reaction. Although the exact stoichi- 
ometries of sodium ion translocation by the 



methylmalonyl-CoA decarboxylase and the ATP 
synthase have not yet been determined, it is 
obvious from these free energy calculations that 
at least three decarboxylations are necessary to 
allow synthesis of one ATP. This calculation 
agrees well with the cell yield obtained with P. 
modestum (2.0-2.5 g/mol of succinate). Whole 
energy metabolism based on a decarboxylation 
reaction is the most “modest” form of energy 
conservation, i.e., it produces the lowest amount 
of energy that can be converted into ATP by a 
living cell in pure culture (Thauer and Morris, 
1984). Partners in syntrophic cocultures active in 
methanogenic degradation of, e.g., fatty acids, 
have to operate in the same range of energy 
yields (see the chapter Syntrophism among 
Prokaryotes in Volume 2). 

Applications 

So far there is no commercial application for 
the Propionigenium species. The fact that their 
unique energy conservation mechanism can also 
be reversed and allows carboxylation reactions 
without the direct involvement of ATP (Dimroth 
and Hilpert, 1984) can possibly render such sys- 
tems interesting for new ways of biochemical 
syntheses. The debrominating activity of P maris 
(Watson et al., 2000) might be of interest in the 
cleanup of halogenated contaminants in marine 
ecosystems. 
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The Genus Zoogloea 
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Bacteria of the genus Zoogloea have historically been con- 
sidered members of the family Pseudomonadaceae but have 
been differentiated from other obligately aerobic, Gram- 
negative, nonsporeforming, rod-shaped bacteria that grow in 
aquatic habitats on the basis of their production of a charac- 
teristic gelatinous matrix. The “zoogloeal matrix” surrounds 
clumps of cells found in natural aquatic habitats or when 
grown in unshaken liquid culture in the laboratory (Butter- 
field, 1935; Butterfield et al., 1937; Wattie, 1943). The name 
Zoogloea, which was derived from the Greek word meaning 
animal glue, refers to the primary trait, the zoogloeal matrix, 
that is used to distinguish Zoogloea from other metabolically 
similar bacteria. 

The two species of Zoogloea, Z. ramigera and Z.fllipendula, 
have been isolated from sewage or from sewage-treatment 
systems that employ oxidative methods, i.e., activated sludge 
systems, trickling filters, or oxidation ponds (Butterfield et 
al., 1937; Butterfield and Wattie, 1941; McKinney and Hor- 
wood, 1952; McKinney and Weichlein, 1953). Both species 
produce branched, finger-like projections or outgrowths from 
the floe (i.e., clumps of cells that grow in an aggregated form 
that settles or “floes” from aqueous suspension) when grown 
under quiescent culture conditions but have been differenti- 
ated from each other on the basis of cell size, biochemical 
reactions, and appearance of the zoogloeal matrix. 

Characteristics of 
the Zoogloeal Matrix 

The zoogloeal matrix is a capsular envelopment 
that surrounds several cells and commonly 
results in a flocculent growth habit in liquid 
media. That is, cell floes settle from suspension, 
leaving a relatively clear supernatant. Unz and 
coworkers (Unz, 1974; Farrah and Unz, 1975; 
Unz and Farrah, 1976a) have convincingly dem- 
onstrated that floe formers of the Zoogloea type 
grow in an aggregated state and that the individ- 
ual cells are entrapped within the zoogloeal 
matrix while cell division occurs. Floe formation 
of the zoogloeal type implies cell growth in an 
aggregated form (Friedman and Dugan, 1968b), 
whereas the term “flocculation” (Peter and 
Wuhrmann, 1971) has been defined as the 
aggregation of suspended bacterial cells after 
growth of cells has occurred, i.e., the “floccula- 
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tion” of colloidal material. Biologically, the two 
processes are considerably different although 
the same physical and chemical laws apply to 
both. 

Although there can be confusion relative to 
the distinction between zoogloea formation 
and flocculent growth, there is a consensus that 
microbial floe formation results from the pres- 
ence of adherent extracellular fibrils (Busch and 
Stumm, 1968; Deinema and Zevenhuizen, 1971; 
Finstein, 1967; Friedman and Dugan, 1968b; 
Friedman et al., 1968, 1969; Tago and Aida, 
1977). The presence of polysaccharide and the 
ability to flocculate have been demonstrated 
with mutants lacking polysaccharide and which 
do not exhibit flocculent growth; recombinant 
bacteria with restored polysaccharide produc- 
tion also simultaneously show restored floe for- 
mation (Easson et al., 1987a, 1987b). All floc- 
forming bacteria appear to posses extracellular 
fibrillar strands, but not all Gram-negative floc- 
forming bacteria produce the characteristic zoo- 
gloeal matrix, such as that for Zoogloea ramigera 
strain 115 seen in Figs. 1 and 2. 

The polysaccharide of Zoogloea may remain 
as a loose slime layer in the vicinity of the cells, 
a well-defined capsule, or a zoogloeal matrix 
around the cells which synthesized it or it may 
be dispersed in the medium as a colloidal suspen- 
sion or in solution. Increased viscosity of the sur- 
rounding medium may result from extensive 
polymer synthesis by the cells. The key feature in 
bioflocculation appears to be the synthesis of rel- 
atively insoluble extracellular polymer strands 
that remain within the vicinity of cells and do not 
disperse. The photographs shown in Figs. 3, 4, 
5, 6 and 7 show the insoluble polysaccharide 
strands found around floes of these bacteria. The 
polymer strands shown in Fig. 6 were photo- 
graphed under ultraviolet illumination after the 
floes were stained with the fluorescent dye Paper 
White-BP as previously reported (Dugan and 
Pickrum, 1973; Friedman et al., 1969). 

The chemical composition and structure of the 
extracellular polysaccharides determine its phys- 
ical and chemical properties. Polysaccharides in 
solution or suspension vary in water solubility. 
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Fig. 1. Photomicrograph of Zoogloea ramigera strain 115 floe 
negatively stained by the Maneval method and photo- 
graphed through the light microscope. The cells are shown 
embedded within the zoogleal matrix and with the character- 
istic finger-link projections. Bar = 10 pm. 




Fig. 2. Photomicrograph of Zoogloea ramigera 115 floe 
stained with 1 % aqueous crystal violet. The gelatinous zoo- 
gloeal matrix in which cells are embedded is shown. The 
variable staining appearance is due to polybetahydroxy 
butyric acid (PHB) granules that accumulate in the cells. 
Bar = 10 pm. 




Fig. 3. Electron micrograph of a freeze-fractured specimen 
of Zoogloea ramigera 115. The flbrillar network of extracel- 
lular polysaccharide strands from which the zoogloeal matrix 
is formed is shown. In the living specimen, water is bound in 
the interstices of the network, which resembles a ball of 
chicken wire. Bar = 10 pm. 




Fig. 4. Enlargement of the floe shown in Fig. 3. A cell embed- 
ded within the zoogloeal matrix is shown. Bar = 10 pm. 




Fig. 5. Photomicrograph of a floe of the Zoogloea isolate 
designated CT-2 originally isolated by K. Crabtree. The floe 
was stained by a water-clear solution of the fluorescent dye 
Paper White-BP and photographed under phase-contrast 
optics. Some of the bacteria are in the focal plane whereas 
others are not. Bar = 10 pm. 

rheological properties (e.g., viscosity, viscoelas- 
ticity), chemical and thermal stability, surfactant 
properties, the ability to bind water, etc. Zoog- 
loea strains vary in the composition of the 
polysaccharide (Table 1), but information con- 
cerning the structure of some isolates is limited. 
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The polysaccharide of Z. ramigera 115 has 
been examined in detail. This weakly acidic 
polysaccharide is slightly soluble in water, is sta- 
ble in a pH range of 3 to 10, and is not precipi- 
tated in the presence of salt (Stauffer et al. 




Fig. 6. Photomicrograph taken under ultraviolet (UV) illu- 
mination of the identical field shown in Fig. 5. Only material 
stained by the polysaccharide-specific fluorescent stain Paper 
White-BP can be seen under UV illumination. This proce- 
dure demonstrates that the cell floe shown in Fig. 5 was 
interspersed by a network of fibrous polysaccharide strands 
analogous to a “cobweb” which appears to hold the Hoc 
intact. Bar = 10 pm. 
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1980). Stauffer et al. (1980) reported that the 
polysacchride of Z. ramigera 115 is stable to tem- 
perature cycling from -15° to 90°C. However, 
Norberg and Enfors (1982) reported that the first 
temperature cycle from 25° to 90°C did increase 
the viscosity of the polymer at the lower temper- 
ature. The polysaccharide of Z. ramigera 115 is 
highly viscous and lowers the surface tension of 
water. The polysaccharide exhibits Newtonian 
flow at lower concentrations and, as the concen- 
tration increases, the polymer becomes increas- 
ingly pseudoplastic and viscoelastic (Stauffer et 
al., 1980). Similar flow behavior was observed in 
relation to growth and polysaccharide produc- 
tion in a fermentor (Norberg and Enfors, 1982). 

The polysaccharide of Z. ramigera 115 con- 
tains glucose, galactose, and pyruvic acid, the 
ratios of which may vary with culture conditions 
and growth phase of the culture (Norberg and 
Enfors, 1982; Franzen and Norberg, 1984; Ikeda 
et al., 1982). Growth on different sugar sub- 
strates did not alter the composition of sugars in 




Fig. 7. Shadow-cast electron micrograph of Zoogloea ramig- 
era isolate I-16-M after treatment with 1 N NaOH for 24 h 
at 28°C. Extracellular fibrillar strands and cell ghosts are 
shown. I-16-M produces floes but no observable gelatinous 
zoogloeal matrix. Bar = 10 pm. 



Table 1. Composition of purified extracellular polysaccharides of Zoogloea. 



Strain 


Composition 


Reference 


Z. ramigera 115 


Glucose, galactose, pyruvic acid 


Ikeda e al., 1982; Franzen and Norberg, 1984 


Z. ramigera I-16-M 


Glucose, galactose, mannose 


Pickrum, 1972 


Z. ramigera MP6 


Glucosamine, methylpentose amine, 
hexose sugars, uronic acids 


Farrah and Unz, 1976 


Z. ramigera NRRL B-3669M 


Glucose, galactose, mannose 


Wallen and Davis, 1972 


Zoogloea species NRRL B-3793 


Rhamnose, mannose, galactose 


Wallen and Davis, 1972 


Zoogloea species C-1 


Glucose, galactose, mannose, arabinose, 
rhamnose 


Pickrum, 1972 


Zoogloea species 


Glucosamine, fucosamine 


Tezuka, 1973 


Z. filipendula P-8-4 


Glucose, galactose, mannose 


Pickrum, 1972 


Zoogloea isolate P-95-5^ 


Glucose, galactose, mannose 


Crabtree et al., 1965; Crabtree and McCoy, 
1967 



'‘The isolate is probably actually Pseudomonas denitrificans. 
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the polymers (Parsons and Dugan, 1971). A ratio 
of glucose:galactose of 2:1 with trace amounts 
of terminal pyruvylated glucose (Franzen and 
Norberg, 1984; Friedman et al, 1969; Parsons 
and Dugan, 1971; Sinskey et al., 1986) as well as 
a ratio of 11.0:3.1:1.5 for glucose:galactose:pyru- 
vic acid (Ikeda et al., 1982) has been determined. 
Uronic acids, pentose, or amino sugars have not 
been detected in the polysaccharide of Z. ramig- 
era 115 (Franzen and Norberg, 1984; Friedman 
et al., 1969; Ikeda et al., 1982). The polysaccha- 
ride of Z. ramigera 115 is a highly branched 
structure with p-l-4-linkages and a molecular 
weight of approximately 10^ (Friedman et al., 
1968, 1969; Ikeda et al., 1982). A structure with 
repeating units has been proposed (Ikeda et al., 
1982), although there is conflicting evidence that 
the polysaccharide of Z. ramigera 115 has an 
irregular structure (Franzen and Norberg, 1984). 

A variety of sugars have been identified as 
components of the polysaccharides of Zoogloea 
cultures (Table 1). Polymer from Z. ramigera 
MP6 contains the amino sugars, glucosamine, 
and possibly methyl-pentose amine, hexose sug- 
ars, and uronic acid (Farrah and Unz, 1976). 
Tezuka (1973) identified glucosamine and possi- 
bly fucosamine as components of the polymer 
of a Zoogloea culture isolated from activated 
sludge, but did not detect neutral sugars or 
uronic acids. Polymer of Z. ramigera NRRL B- 
3669M contains glucose, mannose, and galactose, 
while isolate NRRL B-3793 contained rhamnose, 
mannose, and possibly galactose (Wallen and 
Davis, 1972). Z. filipendula P-8-4 and Z. ramig- 
era contain glucose, galactose, and mannose in 
the polysaccharide, while an unidentified Zoog- 
loea species designated C-1 contained glucose, 
galactose, mannose, arabinose, and rhamnose 
(Pickrum, 1972). It is possible that those isolates 
that have been shown to produce extracellular 
polysaccharides with only glucose, galactose, and 
mannose are more closely related to Pseudomo- 
nas dentrificans than to the Z. ramigera 115 iso- 
late (see Table 1). Research on Zoogloea isolates 
has increased significantly because of their 
potential use in applications for removal of haz- 
ardous metal contaminants from waste streams. 



Habitats 

Zoogloea species have been isolated from organ- 
ically enriched oxygenated water, particularly 
domestic sewage and aerobic sewage-treatment 
systems, such as trickling filters, activated sludge 
tanks, or oxidation ponds (Amin and Ganapati, 
1967; Dugan and Lundgren, 1960; Unz and Far- 
rah, 1972). These are all continuous-flow systems 
that are rich in dissolved or particulate oxidiz- 
able organic materials, which provide for the 



enrichment of Zoogloea and closely related 
bacteria. Zoogloeal masses may also be found 
adhering to solid objects suspended or floating in 
lakes and ponds. For example, 19 of 36 Gram- 
negative bacteria isolated from Lake Erie 
formed floes in the laboratory, and they all clus- 
tered with previously identified isolates of Zoo- 
gloea when subjected to a computer taxonomic 
program. Therefore, Zoogloea appears to be 
ubiquitous in aquatic environments. 

Isolation 

Zoogloeal masses obtained from organically rich 
natural aquatic systems, sewage treatment plants, 
wastewater, etc. may be used in isolation proce- 
dures to obtain pure cultures of Zoogloea. These 
organically rich sources may also be used to inoc- 
ulate enrichment media from which strains of 
Zoogloea may be isolated. Both the zoogloeal 
matrix found around the characteristic isolates of 
Zoogloea and the nongelatinous fibrillar strands 
associated with the nonzoogloeal Zoogloea iso- 
lates are a deterrent to pure-culture isolation 
because other bacteria adhere to or become 
entangled within the floe. Successful isolation of 
Zoogloea has been achieved with methods 
employing ultrasonic methods to disrupt zooglo- 
eal masses, micromanipulation to manually sep- 
arate individual cells from the zooglea matrix, 
the inclusion of inhibitory agents in culture 
media to prevent the growth of unwanted micro- 
organism and the use of carbon growth sub- 
strates which may enrich for Zoogloea. These 
methods are used in conjunction with conven- 
tional isolation procedures to obtain isolates of 
Zoogloea. 

Enrichment 

Several methods can be used to establish en- 
richments of zoogloeal bacteria. The simplest 
method is the incubation of raw sewage, sewage 
sludge, treated sewage effluent, etc. in containers 
at room temperature until a surface film or 
pellicle is formed (Amin and Ganapati, 1967). 
Alternatively, mineral salts solution overlaying a 
nutritive agar plug may be inoculated and incu- 
bated until a surface pellicle develops (Unz, 
1984). 

Mineral Salts Solution 

The overlay medium is prepared from stock solutions and 
adjusted to pH 8.5 with 0.5 N NaOH. The mineral salts 
solution contains; 



(NH4)2S04 0.3 g 

NaCl 5.85 g 

CaCh • 2 H 2 O 0.2 g 

K2HPO4 0.1 g 

MgS04 • 7 H 2 O 0.14 g 
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FeS04 • 7 H 2 O 


0.3 mg 


MnCh • 4 H 2 O 


6.3 mg 


C 0 SO 4 • 7 H 2 O 


0.11 mg 


H 3 BO 4 


0.6 mg 


ZnCfi 


0.22 mg 


CUSO 4 ' 5 H 2 O 


0.08 mg 


Distilled water 


1 liter 



Nutrient-Enriched Agar 

The nutritive agar contains 20 g agar per liter of mineral 
salts solution. The carbon source is any one of the follow- 
ing added per liter of mineral salts. 



Starch 

m-Toluic acid 
n-Butanol 
Lactic acid (85%) 
Ethanol (95%) 
Glucose 



2.4 g 

1.35 g (neutralized) 

1.5 ml 
1.35 g 

1.5 ml 
2.4 g 



After the addition of the carbon source, the pH is 
adjusted to 8.5 with 0.5 N NaOH. 



Isolation 

Isolations may be made from surfaces covered 
with zoogloeal masses and/or effluents taken from 
organically polluted water. Material on surfaces 
is scraped off and placed into 0.05% proteose 
peptone-yeast extract broth (PPYE). The gelati- 
nous material is disrupted by ultrasound (20 kc 
output, Branson) in sterile PPYE, and samples 
are serially diluted and incubated in PPYE 
(28°C). After incubation for 3 days, the highest 
dilutions showing growth (10~^ to 10“^^) are 
streaked onto PPYE agar and tryptone-glucose 
extract agar (TGE, Difco). When sufficient 
growth has occurred, colonies of different mor- 
phological types are transferred to duplicate tubes 
of PPYE broth. Tubes are incubated with and 
without agitation. After incubation, tubes con- 
taining a pellicle (stationary) or a floe (shaken) 
are selected, and the entire isolation procedure 
is repeated until pure cultures are obtained. In 
general, isolations can be most readily achieved 
with the use of organically dilute media. 

Micromanipulation may be used to separate 
bacterial cells from zoogloeal matrices in order 
to obtain pure cultures of Zoogloea (Unz and 
Dondero, 1967a). In this method, floes or slimes 
from enrichment cultures are dispersed in liquid 
medium and observed at lOOx magnification. 
To remove debris and microorganisms, fingered 
zoogloeal projections are transferred individu- 
ally by micropipettes through successive drops 
of medium. Washed zoogloea are placed upon 
nutritive agar films coated on the underside of 
coverslips and individual cells dissected away 
from the zoogloeal matrix with microneedles. 
Slides are incubated and the developed micro- 
colonies transferred with sterile micropipettes to 
broth medium. Alternatively, washed zoogloea 
may be collected and briefly sonicated prior to 



streaking on growth medium (Unz, 1984). Media 
appropriate for the above methods are casitone- 
yeast (CY) broth (see below), nutrient broth, 
and the respective agar media (Unz, 1984; Unz 
and Dondero, 1967a). 

CY Medium 

CY medium contains per liter of distilled water: 

Casitone 5.0 g 

Yeast autolysate 1.0 g 

The addition of 0.001% crystal violet to isola- 
tion media, either broth or agar, has also been 
used successfully to inhibit many undesirable 
bacteria that tend to adhere to the floes. Agar 
plates that contain crystal violet in the growth 
medium also have differential value. On these 
plates, the isolates listed in Table 1 can be iden- 
tified as follows: Z. ramigera 115 decolorizes and 
degrades crystal violet and forms straw-colored 
colonies; isolate C-1 fails to develop colonies; 
and isolates I-16-M, P-8-4, and P-95-5 absorb 
the dye and produce violet colonies. Since isolate 
C-1 is different from the known Zoogloea iso- 
lates, the use of the crystal violet is considered to 
have value in the identification of Zoogloea spe- 
cies, but such use has not been well studied 
(Friedman and Dugan, 1968b; Dugan, 1975). 

Aromatic compounds utilized for growth may 
be used for the isolation of some Zoogloea from 
environmental samples (Unz and Farrah, 1972). 
Zooglea isolates may be obtained from activated 
sludge using solid basal medium with 1% m- 
toluate as the carbon source by streaking sludge 
or other inocula directly on the media and incub- 
ating. Solid samples, i.e., soils and feces, may be 
suspended with equal volumes of sterile distilled 
water and then streaked onto media. Developed 
colonies are transferred to CY medium (see 
above), disrupted by agitation, and streaked for 
isolation on m-toluate medium. Zoogloea grown 
on m-toluate medium form large colonies with 
yellow-green coloration indicative of meta cleav- 
age products. Colonies are usually difficult to 
remove from the surface of the plates. This pro- 
cedure will not isolate Zoogloea that do not uti- 
lize m-toluate as a growth substrate. 

Zoogloea colonies on agar plates have a glis- 
tening, viscous appearance (Fig. 8). Colonies are 
straw-colored on media containing yeast extract 
or proteose-peptone and white on mineral salts 
media supplemented with alanine and argenine 
as the carbon source. The color differences are 
also observed in liquid media. Colonies have a 
leathery consistency, and the entire colony can 
frequently be removed with an inoculating loop 
(Dugan and Lundgren, 1960; Friedman and 
Dugan, 1968b). This distinctive characteristic 
is probably related to the formation of extra- 
cellular polysaccharide. Growth of Zoogloea in 
shaken liquid culture is often flocculent but floes 
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Fig. 8. Colonies of Zoogloea ramigera 
115 vary in overall appearance and 
size. Variation is due to culture condi- 
tions and age of culture. Bar = 5 mm. 




are tight and do not have a typical zoogloeal 
matrix. 



Identification 

As the name of the genus implies, Zoogloea 
species have been identified primarily on the 
basis of the presence of the characteristic extra- 
cellular, capsular, or zoogloeal matrix. However, 
matrix formation and its morphological appear- 
ance may be controlled nutritionally by the 
carbon and nitrogen sources, as well as by the 
carbon to nitrogen ratio and by the turbulence 
of the growth medium (Parsons and Dugan, 
1971; Unz and Farrah, 1976b). Therefore, the 
presence or absence of a zoogloeal matrix is not 
a trait upon which identification can be reliably 
made. Although the presence of finger-like pro- 
jections and a zoogloeal matrix is distinctive and 
a positive indicator, the absence of the zoogloeal 
matrix does not necessarily indicate that the iso- 
late is not a Zoogloea species. 

Isolates of Zoogloea are Gram-negative, 
polarly flagellated, rod-shaped bacteria that floc- 
culate and accumulate poly-(3-hydroxybutyrate 
(PHB) or polyalkanoic granules when cultivated 
in media that are rich in carbon. Cell size ranges 
from 0.5 to 1.3 pm in diameter and 1.0 to 3.6 pm 
in length. Zoogloea species are oxidative in 
metabolism and are able to utilize a variety of 
sugars, sugar alcohols, alcohols, amino acids, and 
proteins for growth. The inclusion of B vitamins, 
purines, pyrimidines, and nucleotides in culture 
media, although not required for growth, 
decreases the growth lag and increases biomass 
formation of cultures (Dugan and Lundgren, 
1960; Friedman and Dugan, 1968b). The meta- 
bolic characteristics of the organisms are not suf- 



ficiently distinct to be the basis of identification 
for the genus Zoogloea (Crabtree and McCoy, 
1967; Crabtree et al., 1965; Dugan, 1975; Dugan 
and Lundgren, 1960; Friedman and Dugan, 
1968b; Ganapati et al., 1967; Unz, 1974; Unz and 
Dondero, 1967a, 1967b). However, the overall 
ability of Zoogloea species to oxidatively metab- 
olize many sugars, sugar alcohols, and alcohols, 
with the formation of esters that often result in 
the typical fruity odor of esters in culture media, 
can be of use in restricting the options in identi- 
fication (Joyce and Dugan, 1972). The strong 
capability of Z. ramigera 115 to form esters from 
a variety of organic acids and alcohols may be 
responsible for the addition of pyruvic acid to 
alcoholic groups on the extracellular zoogloeal 
polymer and may explain why some investigators 
were unable to observe pyruvate (Friedman 
et. al., 1969), whereas others observed traces 
(Norberg, 1984) and others identified a signifi- 
cant amount (Ikeda et al. 1982). 

The taxonomy of the genus Zoogloea is uncer- 
tain with respect to differentiation from other 
genera within the family Pseudomonadaceae. 
Also uncertain is whether Z. filipendula, a 
species historically considered as a member of 
the genus Zoogloea, validly fits in the genus. The 
designation of the neotype strain of Zoogloea 
ramigera has also been questionable (Unz, 1984). 
Some Zoogloea isolates resemble species of the 
genera Pseudomonas (particularly P. denitrifi- 
cans), Gluconohacter, and Acetohacter. Zoogloea 
differ from Gluconohacter and Acetohacter in 
the inability to grow at pH 4.5. 

Antigenic relationships among some of the 
Zoogloea have been reported (Chorpenning 
et al., 1978). Z. ramigera 115 and I-16-M did not 
closely relate to Z. filipendula P-8-4 on a sero- 
logic basis. Z. ramigera 115 had greater antigenic 
relatedness to Gluconohacter oxydans subspe- 
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cies suboxydans (ATCC 621) than to either Z. 
ramigera I-16-M or Z. filipendula P-8-4. These 
data indicated that Z. ramigera 115 and I-16-M 
are distinctly different serovars, an observation 
which is also supported by the difference in com- 
position of their extracellular polysaccharides. 

The GC content of the DNA of Zoogloea 
ranged from 60.1 to 64.8 mol% (Pickrum, 1972; 
Unz, 1984). The data, although not conclusive, 
reinforce the view that several of the floc- 
forming isolates are similar organisms that are 
sufficiently distinctive to allow differentiation 
from other Gram-negative rods. However, at 
present there is no definitive description of 
either the genus Zoogloea or its species, other 
than the gelatinous matrix of finger-like projec- 
tions, but this matrix is not always present. 



Genetics 

Because of the potential application of Zoogloea 
in several microbially based technologies, there 
is a need to isolate and identify genes for 
polysaccharide and PHB production, determine 
the biosynthetic pathways, and examine the 
enzymatic and genetic control mechanisms. 

The exopolysaccharides of Zoogloea are 
involved with flocculation (Easson et al., 1987a, 
1987b; Friedman et al., 1969) and adsorption of 
heavy metals (Dugan, 1987; Dugan and Pick- 
rum, 1972; Ikeda et al., 1982). As with other poly- 
mers, the structure and physical and chemical 
properties of polysaccharides define its floccula- 
tion and adsorption characteristics. Therefore, 
manipulation of the structure of the polysaccha- 
ride is of importance in developing flocculants 
and bioadsorbents with desired characteristics 
that may be applicable to microbially based tech- 
nologies for waste water treatment or metal rec- 
lamation. Genetic control of the biosynthesis of 
polysaccharides by microorganisms is a means by 
which the structure of the polymers may be 
manipulated and production of the polysaccha- 
rides increased. 

Mutants generated by the insertion of the Tn5 
transposon were used to examine the genetics of 
polysaccharide production in Z. ramigera I-16-M 
(Easson et al., 1987a, 1987b). There is an inher- 
ent instability in the chromosome in which DNA 
sequences spontaneously delete within the 
polysaccharide gene region, and this results in 
the loss of polysaccharide production. The fre- 
quency of chromosomal deletions within this 
gene region was enhanced by the presence of 
Tn5 transposon. Polysaccharide production was 
restored in the mutants by complementation 
with a gene library constructed with a broad- 
host-range cosmid vector. The restoration of 
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polysaccharide production in a number of 
mutants by a single plasmid vector suggests that 
the genes for polysaccharide production may be 
clustered on the chromosome. 

The genetics involved with PHB synthesis is 
of interest because of the potential use of PHB 
and other polydroxyalkanoates in the plastics 
industry. PHB metabolism in Z. ramigera 1-16- 
M is a cyclic process (Tomita et al., 1983). The 
biosynthesis of PHB involves the condensation 
and reduction of acetyl Co A to form D(-)-3- 
hydroxybutyryl CoA followed by incorporation 
into PHB granules. Degradation of PHB gran- 
ules proceeds via the production of D(-)-3- 
hydroxybutyrate oligomers and hydrolysis and 
oxidation to acetoacetate. The cycle is com- 
pleted with the activation of acetoacetate to 
acetoacetyl CoA. 

Studies examining the structure and function 
of enzymes in PHB synthesis (Davis et al., 1987a, 
1987b; Fukui et al., 1976; Nishimura et al., 1978; 
Saito et al., 1977) and genetic experiments to 
determine the sequence and location of genes 
(Peoples et al., 1987) have focused on the 
enzyme p-ketothiolase, which mediates the first 
step in the biosynthesis of PHB, the condensa- 
tion of two acetyl CoA units to form acetoacetyl 
CoA. A recombinant DNA clone designated 
LDBKl expresses the complete thiolase gene 
sequence in Escherichia coli (Peoples et al., 
1987). The encoded protein has thiolase enzyme 
activity and co-migrates with native enzyme 
in Western blotting and immunodetection ex- 
periments. The expression of thiolase-coding 
sequences is under transcriptional control of the 
lac promoter region contained in the ;glgtll 
expression vector that was used to generate the 
recombinant library of Z. ramigera DNA. The 
structural gene for the thiolase enzyme is 1,173 
nucleotides long and codes for a protein of 391 
amino acids. The calculated molecular weight 
and the predicted amino acid sequence of the 
gene product are in agreement with the molecu- 
lar weight and amino acid sequence determined 
experimentally for the native thiolase. The 
high GC content of the complete sequence (66.2 
mol%) is in agreement with values obtained for 
the Z. ramigera genome (64.5 mol%). The 
position of the active site peptide, a potential 
ribosome binding site, and start codons within 
the DNA sequence have all been identified. 

The major DNA-dependent deoxyribonucleic 
acid polymerase from Z. ramigera isolate I-16-M 
has been partially purified and biochemically 
characterized (Pickrum, 1975). The polymerase 
activity was eluted as a single peak at 0.1 M 
potassium phosphate from a DEAE-cellulose 
column. The partially purified enzyme showed 
one major, one intermediate, and five minor 
protein bands after polyacrylamide gel electro- 
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phoresis. The DNA polymerase activity was 
detected in the acrylamide gels by an in situ assay 
and coincided with the major protein band. 
Nuclease activity could not be detected in the 
preparation after electrophoresis. 

The DNA polymerase resembles the Micro- 
coccus luteus enzyme in many characteristics, 
and its properties seem to place it as an interme- 
diate between the polymerase I and polymerase 
II of Escherichia coli and Bacillus subtilus 
(Pickrum, 1975). It appears that the enzyme re- 
quires all four deoxynucleoside-5'-triphosphates, 
a divalent cation, 2-mercaptoethanol, and dena- 
tured DNA as a template-primer for maximal 
activity. Dithiothreitol is capable of replacing 2- 
mercaptoethanol in the reaction. The enzyme 
replicated, with varying efficiencies, the DNAs 
isolated from Bacillus subtilus, Escherichia coli, 
calf thymus, salmon, and soft fish roe. Treatment 
of DNA with pancreatic deoxyribonuclease 
improved its priming ability, the effectiveness of 
which depended on the extent of treatment with 
deoxyribonuclease. 

The divalent metal ion requirement of the 
polymerase could be satisfied with either Mg^^ 
or A slight but observable synthesis was 

obtained in the presence of 20 mM Co^^ or 
10 mM Cd^^. The enzyme was unstable in solu- 
tions of ionic strength below 0.2 M potassium 
phosphate or protein concentrations below 1 mg/ 
ml. Enzyme solutions could be stabilized by the 
addition of glycerol or by increasing the salt or 
protein concentrations and storing at -20°C. 

A synthesis-dependent exonuclease activity, 
interpreted as a 5' to 3' exonuclease, was found, 
at a low level, with the most purified DNA poly- 
merase preparation; however, this activity was 
not characterized. Rates were stimulated in the 
presence of deoxynucleoside triphosphates. The 
most purified fraction contained no detectable 
endonuclease activity. 

The polymerase enzyme is sensitive to the 
sulfhydryl-blocking reagents N-ethyl-maleimide, 
para-(chloro)mercuribenzoate, and para- 
(chloro) mercuriphenylsulfonic acid. Of these, 
para-(chloro) mercuribenzoate is the most effec- 
tive sulfhydryl reagent. 



Applications 

Z. ramigera is important in inducing flocculation 
(Unz, 1974) and reducing biological oxygen 
demand (BOD) in sewage-waste water treat- 
ment (Butterfield, 1935; Joyce and Dugan, 1970). 
The metal-adsorbing characteristic of Z. ramig- 
era has been investigated with application to 
the treatment of heavy metals and transuranic 
waste streams (Dugan, 1970, 1987; Dugan and 



Pickrum, 1973; Friedman and Dugan, 1986a; 
Kuhn and Pfister, 1989; Norberg and Persson, 

1984) . Production of PHB or other polyhydroxy- 
alkanoates by Zoogloea may be useful for the 
development of copolymers for commercially 
useful biodegradable plastics. 

Waste Water Treatment 

An early and continued use of Zoogloea in a 
treatment process has been in the area of domes- 
tic waste water treatment. Although zoogloeal 
bacteria are not the only microorganisms respon- 
sible for a successful waste water treatment pro- 
cess, they are important for the degradation of 
organic carbon and for the fiocculation required 
for settling. Zoogloea bacteria are highly active 
oxidizers of organic compounds which signifi- 
cantly reduce the biological oxygen demand 
(BOD) in waste water. Butterfield et al. (1937) 
reported that 50% of the BOD from sewage 
could be removed in 5 hours by the aerobic. 
Gram-negative, fioc-forming bacteria indigenous 
to aerobic waste water system, and 68% could be 
removed in 3 hr by a natural mixed population 
of bacteria. Zoogloea ramigera converts excess 
carbon to PHB, extracellular polysaccharide, and 
esterified organic acids (Joyce and Dugan, 1970). 
It is the interaction of extracellular microbial 
polymer by adsorption and bridging that aggre- 
gates microorganisms and produces floes (Busch 
and Stumm, 1968). 

Poly-(3-hydroxybutyrate Production 

A potential use of Zoogloea involves the produc- 
tion of PHB, a highly polymerized lipid reserve 
material that is usually synthesized by the bacte- 
ria in response to nitrogen limitation in the pres- 
ence of excess carbon source. The production, 
enzymology, and genetic control of PHB metab- 
olism in Zoogloea is of interest because of the 
application of PHB and other polyhydroxyal- 
kanoates in the biodegradable plastics industry. 
PHB produced by some Alcaligenes species is 
currently being marketed as a biodegradable 
plastic under the trade name Biopol (Holmes, 

1985) . 

Biosorption of Metals 

A developing technology is the use of Zoogloea 
to adsorb and concentrate metals and transur- 
anic elements from contaminated waste streams. 
The significance of extracellular microbial 
polymers as agents for relatively nonspecific 
adsorption of dissolved or suspended organic, 
particulate, and ionic substances has been estab- 
lished with polysaccharides produced by Gram- 
negative fioc-forming bacteria (Dugan, 1970; 
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Dugan et al., 1971; Friedman and Dugan, 1968a). 
The adsorptive characteristics of the whole cell 
or purified polymer can be exploited for com- 
mercial waste water treatment to remove heavy 
metal and transuranic ions and also may be use- 
ful in mineral separation processes, where the 
use of other flocculating agents of biological ori- 
gin are currently being investigated. 

Zoogloea biomass can remove a variety of 
metallic cations from solution (Dugan and Pick- 
rum, 1973; Friedman and Dugan, 1968a; Norberg 
and Persson, 1984; Norberg and Rydin, 1984; Sag 
and Kutsai, 1989a, 1989b). The removal of alumi- 
num, calcium, cobalt, iron, magnesium, manga- 
nese, nickel, and silicon from acidic mine water 
samples demonstrates the effective metal bind- 
ing characteristic of Zooglea and Zoogloea- 
derived polymer that is applicable to the treat- 
ment of complex, relatively undefined aqueous 
metal containing systems (Dugan, 1987; Dugan 
and Pickrum, 1973). Presumably, microorgan- 
isms are partially responsible for the accumula- 
tion of metals within the solids generated by 
sewage treatment and the reduction in metal 
concentration in effluent supernatant as com- 
pared to the metal concentration of the influent 
and the supernatant from primary settling 
(Dugan et al., 1971). 

Chemically, the purified polysaccharide iso- 
lated from Z. ramigera 115 interacts with monov- 
alent cations to form soluble salts, binds but does 
not appear to form cross-linkages with divalent 
cations, and forms insoluble precipitates with 
trivalent cations (Ikeda et al., 1982; Stauffer et 
al., 1980). Successive removal of uranium, cop- 
per, and cadmium from solution by Zoogloea 
biomass indicates selective binding among cat- 
ions in mixed solutions (Norberg and Persson, 
1984). 

With the potential use of Zoogloea for the 
treatment of metal-bearing waste waters demon- 
strated, a microbially based technology for the 
treatment of these wastes appears to be develop- 
ing. Z. ramigera 115 cells, immobilized in calcium 
alginate beads, have been used in air-bubbled 
column reactors to remove mixtures of cad- 
mium, copper, lead, manganese, strontium, and 
zinc from aqueous solutions (Kuhn and Pfister, 
1989,1990). Although calcium alginate alone 
sorbed metals, the use of immobilized Z. ramig- 
era 115 enhanced metal binding significantly. A 
batch method was used to study the removal of 
cadmium, copper, and uranium from solution 
using biomass of Z. ramigera 115 (Norberg and 
Persson, 1984). A bench-scale continuous pro- 
cess was demonstrated with Zoogloea biomass 
to adsorb copper from solution (Norberg and 
Rydin, 1984). Affecting adsorption was the con- 
centration of biomass and copper in solution and 
the operating pH. 
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Important to the costs of a treatment process 
is the ability to recycle biomass for multiple 
treatment cycles. Acid treatment re-leases cad- 
mium, copper, and uranium adsorbed to Zoog- 
loea biomass, thus enabling multiple cycling for 
the complete removal of metals from solution 
(Norberg and Persson, 1984). In experiments 
with cadmium it was shown that the sorbed 
cadmium could be eluted by exposing the 
beads to nutrient solutions whereupon more 
cadmium could be sorbed (Kuhn and Pfister, 
1989, 1990). Alternatively, the release of cad- 
mium from calcium alginate immobilized Z. 
ramigera 115 was achieved by use of a 0.04% 
aqueous nitrilotriacetate solution (Kuhn and 
Pfister, 1989, 1990). 
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CHAPTER 14.4 

Large Symbiotic Spirochetes: Clevelandina, Cristispira, 
Diplocalyx, Hollandina and Pillotina 

LYNN MARGULIS AND GREGORY HINKLE 



The genera Cristispira, Clevelandina, Diplocalyx, 
Hollandina, and Pillotina are morphologically 
complex, Gram-negative, motile, spirochetes 
(helical bacteria) in which the flagella are always 
entirely periplasmic (i.e., located between the 
inner “plasma” and the outer membrane typical 
of Gram-negative bacteria) (Fig. 1). (For a gen- 
eral discussion of the morphology of spirochetes, 
see Free-Living Saccharolytic Spirochetes: The 
Genus Spirochaeta in this Volume). All are obli- 
gate symbionts in the digestive system of mol- 
lusks or arthropods. These morphologically 
complex spirochetes have greater than 10 and 
sometimes as many as 300 flagella inserted at 
both ends of the cell and overlapping in the mid- 
dle. If n is the number of flagella at one end of 
the cell and 2n the number of overlapping 
flagella in the middle of the cell, then the char- 
acteristic array is n:2n:n (e.g., 10:20:10 or 
300:600:300). The coated membranes, distinctive 
cytoplasmic structures (including the sillon, a 
cell-length invagination or groove of the outer 
membrane in contact with the inner membrane), 
and relative proportions that distinguish these 
genera are depicted in Fig. 2, based on the mor- 
phometric analyses summarized in Table 1. 

The habitats of these organisms are predict- 
able (e.g., the crystalline style of bivalve mollusks 
for Cristispira and the intestine of dry wood- 
eating cockroaches and termites for the others). 
None has been grown axenically. As molecular 
biological data are not yet available, species have 
been determined morphologically. Five species 
of large, symbiotic spirochetes have been 
described in the modern bacteriological litera- 
ture and reverifled, revised, or named as: Cleve- 
landina reticulitermitidis, Cristispira pectinis, 
Diplocalyx calotermitidis, Hollandina pteroter- 
mitidis, and Pillotina calotermitidis. (For genera 
description, including an explanation of the mor- 
phometric analysis of spirochetes, see Bermudes 
et al., 1988.) 

Although often classifled on the basis of size 
and light microscopic morphology in the family 
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Spirochaetaceae (e.g., Bermudes et al., 1988), 
these spirochetes are ultrastructurally distinct 
from all other members of the Spirochaetaceae 
(see Free-Living Saccharolytic Spirochetes: The 
Genus Spirochaeta in this Volume). Therefore, 
we classify the large symbiotic spirochetes in the 
family Pillotinaceae. (This family was first sug- 
gested by Hollande and Gharagozlou, 1967, who 
used the incorrect Latin derivative “Pillota- 
ceae.”) The spirochetes most similar morpholog- 
ically to any member of the Pillotinaceae are the 
tick-borne symbionts, e.g., Borrelia persica, (fla- 
gella formula 25:50:25) (Karimi et al., 1979); the 
free-living microbial mat spirochete Mobilifilum 
chasei (10:20:10) (Margulis et al., 1990a); and the 
pectinolytic rumen spirochete Treponema sac- 
charophilum strain PB, which is reported to have 
approximately 32 flagella (whether 32:64:32 or 
16:32:16 is not clear) (Paster and Canale-Parola, 
1985). All these spirochetes are significantly 
smaller than any member of the Pillotinaceae. 
No free-living Pillotina-like spirochete has ever 
been reported — none, at least, larger than 0.5 pm 
in diameter bearing at least 30 flagella. 

A summary of the characteristics of the large, 
symbiotic spirochetes is presented in Table 1. 
Although only five genera are in the formal tax- 
onomic literature, hundreds of symbiotic spiro- 
chetes from a large number of animals have been 
reported. For a more extensive discourse on 
Cristispira species in a variety of mollusks, see 
Kuhn (1981) and Breznak (1984a). Large spiro- 
chetes in the hindguts of termites and wood-eat- 
ing cockroaches are more thoroughly described 
by To et al. (1980). 

Cristispira pectinis (Gross) was first described 
as the trypanosome Trypanosoma halhiani (a 
eukaryote) by Certes (1882). Thought to have a 
multicellular, chambered body, Cristispira was 
renamed by Gross (1910), the name Cristispira 
being derived from the unusually prominent 
flagellar bundle or “crest.” The modern under- 
standing of the organism comes from Noguchi 
(1921), who, detecting them in oysters (Crassos- 
trea), clams {Venus), and mussels {Modiola), rec- 
ognized Cristispira as a spirochete bacterium. 
This identification was confirmed when the crest 



972 L. Margulis and G. Hinkle 



CHAPTER 14.4 








Clevelandina 



Diplocalyx 



Fig. 1. Large symbiotic spirochetes as shown in transverse electron microscopic sections: Cristispira from the East Coast 
oyster. (Courtesy of J. M. Sieburth.) Pillotina from Reticulitermes flavipes. (Courtesy of R. Bloodgood.) Hollandina from the 
Sonoran desert termite. (Courtesy of L. P. To.) Clevelandina from Zootermopsis. (Courtesy of J. Breznak and H. Pankratz.) 
Diplocalyx from the Madeiran termite. Numerous flagella are seen in cross-section in the region between the outer and the 
plasma membrane. (Bars = 0.5 pm.) 



was shown to be a flagellar bundle by Ryter and 
Pillot (1965). 

Leidy (1850) flrst described spiral-shaped 
microbes from termite intestines and called 
them Spirillum undula, later renaming them 
Vibrio termites (Leidy, 1881). Dobell (1912) rec- 
ognized these organisms as spirochetes; he 
called the larger ones Treponema termites and 
the smaller ones Treponema minor. The larger 
spirochetes were transferred to the genus Cris- 
tipira by Hollande (1922). They were further 
described by Damon (1925), Duboscq and 
Grasse (1929), and Kirby (1941). In an early 
electron microscopic study, Grimstone (1967) 
described a large unnamed spirochete from the 
wood-eating cockroach Cryptocercus punctula- 



tus. Electron microscopy and the use of glutaral- 
dehyde as a fixative reinvigorated the study of 
the termite hindgut microbiota by providing a 
means of distinguishing morphologically the 
uncultivable symbiotic bacteria. After the genus 
Pillotina and the family Pillotinaceae were pro- 
posed by Hollande and Gharagozlou (1967) for 
large spirochetes from the Madeiran termite 
Incisitermes praecox, large insect gut spirochetes 
were informally called “pillotinas.” The dis- 
covery of a separate spirochete morphotype 
from the termite Incisitermes flavicollis led 
Gharagozlou (1968) to establish the genus 
Diplocalyx. To et al. (1978) described a third 
genus, Hollandina, from the hindgut of the 
Sonoran desert termite Pterotermes occidentis. 
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Encircled 

jiumber Morphometric criterion 

1 Diameter 

2 Number of flagella 

3 Presence of sillon 

4 Presence of crenulations 

5 Ratio of thickness of outer coat of outer membrane to outer membrane thickness 

6 Ratio of thickness of inner coat of outer membrane to outer membrane thickness 

7 Ratio of the thickness of outer coat of inner membrane to inner membrane thickness 

8 Ratio of diameter of protoplasmic cylinder to cell diameter 

9 Angle of protoplasmic cylinder subtended by flagella 

1 0 Presence of flagellar bundle (angle of concavity CD < 1 80°) 

11 Length 

12 Amplitude 

13 Wavelength 

1 4 Presence of cytoplasmic tubules^ 

1 5 Presence of polar organelle 

1 6 Presence of rosettes^ 



^Cytoplasmic tubules range from 15 to 25 nm in diameter. 
■^The rosettes are not shown in Fig. 2. 

Adapted from Bermudes et al. (1988). 



Fig. 2. Spirochete structures used in morphometric analyses, (a) Structures discernible by electron microscopy, (b) Structures 
discernible by light microscopy and a list of the 16 morphometric criteria. Encircled numbers refer to the criteria given in 
the table in part 2b. (Drawings by C. Lyons.) 
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Table 1. Criteria used to identify the spirochete genera. 



Criterion 


Cristispira 


Pillotina 


Hollandina 


Diplocalyx 


Clevelandina 


Primary 


Diameter (jiim) 


0.5-3.0 


0.6-1.5 


0.4-1.0 


0.7-0.9 


0.4-0.8 


Approximate number of flagella 


>100 


30-70 


30-60 


40-60 


30-45 


Presence of sillon 


- 


+ 


+, - 


+ 


+ 


Presence of crenulations 


- 


+ 


- 


- 


- 


OCOM/OM" 


ND 


0 


2.4-8.0 


0.6-2.0 


0-2.8 


ICOM/OM” 


ND 


3.3-11.9 


0-1.3 


0.9-2.1 


2.8-5. 0 (chambered) 


OCIM/IM‘’ 


ND 


0 


1. 0-2.5 


6A-1.1 


0-3.6 


PC/diameter‘’ 


0.90 


0.56-0.67 


0.63-0.90 


0.47-0.81 


0.60-0.81 


Angle subtended by flagella (°) 


90-160 


190-350 


105-330 


50-100 


140-330 


Presence of flagellar bundles 


+ 


- 


+, - 


+ 


+, - 


Auxiliary 


Length (jiim) 


30-180 


ND 


ND 


ND 


ND 


Amplitude (jum) 


4-6 


ND 


ND 


ND 


ND 


Wavelength (jum) 


10-20 


ND 


ND 


ND 


ND 


Presence of cytoplasmic tubules 


NDT 


+ 


+ 


+ 


NDT 


Presence of polar organelle 


+ 


+ 


+ 


+ 


NDT 


Presence of rosettes 


+ 


- 


- 


- 


- 



Symbols: +, present; absent; ND, no data; NDT, not detected. 

^Ratio of thickness of outer coat of outer membrane to outer membrane thickness. 
’’Ratio of thickness of inner coat of outer membrane to outer membrane thickness. 
‘’Ratio of thickness of outer coat of inner membrane to inner membrane thickness. 
‘’Ratio of diameter of protoplasmic cylinder to cell diameter. 

Adapted from Bermudes et al. (1988). 



Known informally from the micrographs of D. 
G. Chase, Clevelandina was fixed in the microbi- 
ological literature by Bermudes et al. (1988). 

Habitat 

Cristispira develops especially dense populations 
in and on the crystalline style of many marine 
(and a few freshwater) mollusks. Styles are 
noncellular, gelatinous, cellulase-containing rods 
that extend into the stomach of many bivalve 
mollusks. Their presence, appearance, and con- 
sistency differ from species to species and even 
from individual to individual. In actively feeding 
animals, the style is rotated by epithelial cilia and, 
much like a pestle, one end is pushed against the 
stomach wall. The rotation likely aids in the mix- 
ing of food particles and digestive enzymes within 
the mollusk stomach. Some styles dissolve and 
reform with a tidal rhythm; when the style 
dissolves, the Cristispira disappear. Other smaller 
bacteria, including Spirillum ostrea (Margulis et 
al., 1991), an unidentified Gram-negative rod, 
and a smaller spirochete, have also been found 
in mollusk styles (Kuhn, 1981). Though they do 
not have a style, gastropods (single-valve mol- 
lusks) have been reported to harbor Cristispira 
as well (Morton, 1952; Orton, 1922; Terasaki, 
1960). A partial list of the distribution of Cris- 
tispira in marine mollusks is given in Table 2. 

The four other genera of large spirochetes 
are insect symbionts; they swim freely in the 



Table 2. Genera of mollusks harboring Cristispira. From 



Kuhn (1981). 


Marine bivalve genera 


Cardium papillosum 


Penitella ovoidea 


Chama gryphoides 


Pinna nobilis 


Chama pellucida 


Pinna squamosa 


Chama sinistrorsa 


Platyodon cancellatus 


Chione fluctifrage 


Protothaca staminea 


Chione succincta 


Protothaca tenerrima 


Clinocardium nuttallii 


Saxicava arctica 


Crassostrea gigas 


Saxidomus giganteus 


Cryptomya calif ornica 


Saxidomus nuttalli 


Cuminga californica 


Scrobicularia piperata 


Diplodonta orbella 


Siliqua patula 


Entodesma saxicola 


Solen ensis 


Gastrochaena dubia 


Soletellina acuminata 


Gryphaea angulata 


Sphaerium corneum 


Lampsilis anodontoides 


Strophitus sp. 


Lima hians 


Tapes aureus 


Lima inflata 


Tapes decussatus 


Lyonsia pugetensis 


Tapes laeta 


Macoma secta 


Tapes philippinarum 


Mactra sulcataria 


Tapes pullastra 


Modiola barbata 


Taras orbella 


Modiola modiolus 


Tivela stultorum 


Mytilus edulis 


Tresus capax 


Ostrea angulata 


Tresus (Schizothaerus) nuttallii 


Ostrea edulis 


Venerupis japonica 


Ostrea lurida 


Venreupis philippinarum 


Ostrea talienwhaneensis 


Ventricolaria sp. 


Ostrea virginiana 


Venus casta 


Panope generosa 


Venus mercenaria 


Paphia staminea 


Venus verrucosa 


Pecten jacobaeus 


Zirfaea pilsbryi 



From Kuhn (1981). 
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Table 3. Geographic distribution of insect-spirochete symbioses. 



Insect family 


Insect genus 


Location 


Spirochete 

genus 


Order Blattaria 


Cryptocercidae (Protoblattidae; 


Cryptocercus punctulatus 


United States 


Hollandina 


woodeating cockroaches) 
Order Isoptera 


Hodotermitidae (damp-wood termites) 


Porotermes adamsoni 


Australia 




Kalotermitidae (dry-wood termites) 


Bifiditermes condonensis 


Australia 


— 




Ceratokalotermes apoliator 


Australia 


— 




Cryptotermes brevis 


United States 


— 




Cryptotermes cavifrons 


United States 


— 




Cryptotermes gearyi 


Australia 


— 




Glyptotermes iridipennis 
(Kalotermes iridipennis) 


Australia 


— 




Glyptotermes neotuberculatus 


Australia 






Kalotermes approximatus^ 


United States 


— 




Kalotermes banksiae 


Australia 


— 




Calotermes flavicollis'° 


France, Spain 


Diplocalyx 




Kaoltermes jouteli 
(Neotermes jouteli) 


United States 


— 




Kalotermes minor 
(Incisitermes minor) 


United States 


Hollandina 




Kalotermes schwarzi 
(Incisitermes schwarzi) 


United States 


Hollandina 

Pillotina 




Kalotermes snyderC 


United States 


Hollandina 




Incisitermes milleri 


United States 


— 




Marginitermes hubbardi 
(Kalotermes hubbardi) 


United States 


Diplocalyx 




Neotermes insularis 


Australia 


— 




Paraneotermes simplicicornis 


United States 


— 




Postelectrotermes praecox 
(Calotermes praecax)^ 


Madeira, Portugal 


Pillotina 




Pterotermes occidentis 


Mexico, United States 


Hollandina 


Mastotermitidae 


Mastotermes darwiniensis 


Australia 


Hollandina 


Rhinotermitidae (subterranean termites) 


Coptotermes aginaciformis 


Australia 






Coptotermes formosanus 


Hawaii 


Hollandina 




Heterotermes aureus 


United States 


— 




Reticulitermes flavipes 


United States 


Clevelandina 

Pillotina 




Reticulitermes hesperus 


United States 


Clevelandina 

Hollandina 

Pillotina 




Reticulitermes tibialis 


United States 


Clevelandina 

Hollandina 



^ — , There is no ultrastructural information on which identification could be based. 
‘’Originally published nomenclature used (Calotermes is equivalent to Kalotermes). 
Adapted from Bermudes et al. (1988). 



lumen of the distal portion of the intestine, 
actually a hypertrophied hindgut or paunch. 
The paunch, which has less oxygen relative to 
air (Breznak, 1984b), is easily identified and dis- 
sected in any of the wood-eating cockroaches or 
so-called “lower” termites. The geographical 
distribution of these spirochetes is listed in 
Table 3. Their abundance is greatest in insects 
that attack and ingest dry rather than damp or 
wet wood. As a rule, Pillotinaceae spirochetes 
are very abundant in both kalotermitid (dry 
wood) and rhinotermitid (subterranean) ter- 
mites. In rhinotermitids they tend to be most 
abundant just posterior of the midgut/anterior 



hindgut junction. These spirochetes are appar- 
ently absent from the damp-wood-eating nasuti- 
termitids and other “higher” termites. In 
“higher” termites, a bacterial or bacterial/fungal 
community rather than a protistan/bacterial 
community has evolved. (Spirochetes 0.5 pm in 
diameter with approximately 40-50 flagella 
have been reported in the hindgut of the higher 
termite Nasutitermes exitiosus\ Czolij et al., 
1985.) The presence of Pillotinaceae spirochetes 
is easily determined by light microscopy on the 
basis of habitat, size, flexibility, and motility, but 
genera and species are not identifiable without 
ultrastructural analysis. 
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Morphology 

Given ecological information and high resolu- 
tion ultrastructural analysis, a single transverse 
thin section suffices to identify one of these large 
symbiotic spirochetes to genus. Ultrastructural 
analysis requires morphometries (Bermudes et 
al, 1988). Sixteen criteria are useful when suffi- 
cient information is available (Fig. 2b). Diame- 
ters (criterion 1) in oblong cells are measured at 
the narrowest and widest points enclosed by the 
membrane. In crenulated cells, measurements 
are made at the tips of the crenulations. The 
number of fiagella (criterion 2) is reported as the 
number inserted at each end. The number of fia- 
gella observed ranges from zero (in sections 
taken beyond the most distal insertion) to twice 
the number of fiagella inserted at one end, 
where, toward the center, fiagella inserted at one 
end overlap with the fiagella from the other end. 
The sillon or groove (criterion 3) is a contact or 
pronounced invagination running the length of 
the cell of the outer membrane toward the inner 
membrane (Fig. 2). This structure provides a ref- 
erence point for the description of other struc- 
tures. Crenulations (criterion 4) are conspicuous 
folds or ruffies in the outer membrane (Fig. 2); 
to date they are limited to the genus Pillotina. 
Criteria 5, 6, and 7 deal with the presence of 
coatings on the inner and outer membranes of 
the Gram-negative cell walls (i.e., the gly cocalyx 
or sheath). Criterion 8 is the ratio of the diameter 
of the protoplasmic cylinder to the cell diameter. 
Criterion 9, the angle subtended by the fiagella, 
is a measurement of the distribution of the fia- 
gella in the periplasm. Flagellar bundles (crite- 
rion 10) are deemed present if the angle made 
by lines C and D is less than 180° (Fig. 2a). Cri- 
teria 11, 12, and 13 are the length, amplitude, and 
wavelength of the spirochete (Fig. 2b). Cytoplas- 
mic tubules (criterion 14) are small, hollow 
structures within the protoplasmic cylinder as 
observed by negative stain or transmission elec- 
tron microscopy (Fig. 2 and 6). They vary from 
15 to 25 nm in diameter. The polar organelle 
(synonym, polar membrane; criterion 15) is an 
electron-dense lamina located on the inside of 
the inner (plasma) membrane toward the distal 
ends of the cell (Fig. 2 and 5). Rosettes (criterion 
16) are linearly aligned, peripheral structures of 
the protoplasmic cylinder (Fig. 5); they have only 
been seen in Cristispira. 

The largest spirochete in the microbiological 
literature, Cristispira is usually the only spiro- 
chete seen in mollusk styles. Healthy termites, 
however, may contain from one to more than five 
different morphotypes of pillotina spirochetes 
difficult to distinguish from each other with a 
light microscope (Fig. 3, 7, 8, and 9). Length 
(from 12 to 100 pm), amplitude (from 1.5 to 




Fig. 3. (a) Live Hollandina spirochetes from Pterotermes 
occidentis; light micrograph, (b) Hollandina pterotermitis (S) 
and a huge, unidentified bacterium (U); scanning electron 
micrograph. (Bar = 5 pm.) 

6.0 pm), and wavelengths (from 6 to 20 pm) can 
thus only be represented in approximate terms. 
The combination of large diameter (0.4 to 
greater than 1.0 pm), great length, and long 
wavelength distinguishes pillotinas from the 
many other smaller, hindgut spirochetes (Figs. 7 
and 8). Idealized drawings based on electron 
micrographs of transverse sections of all five gen- 
era are shown in Fig. 4. 

Cristispira 

Cristispira cells can be greater than 3 pm in diam- 
eter and over 150 pm in length. The enormous 
number of periplasmic fiagella (>100) gives Cris- 
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Fig. 4. Idealized drawings of trans- 
verse electron microscopic sections 
showing the range of morphotypes in 
the five genera of large, symbiotic 
spirochetes. Not drawn to scale. 
(Drawings by C. Lyons.) 



Clevelandina 






Diplocalyx 






tispira a figure-eight shape in cross-section, with 
the flagellar bundle often equal in size to the 
protoplasmic cylinder (Figs. 1 and 4). In highly 
motile Cristispira, the crest, which is merely the 
flagellar bundle, is difficult to discern. As the 
spirochetes lose vitality and speed, the crest 
swells and becomes more obvious. The periplas- 
mic space in Cristispira tends to be minimal, but 
expands to much greater diameter where sub- 
tended by the periplasmic flagella. 

Rosettes line the periphery of Cristispira along 
its length except where flagella insert (Fig. 5). 
Although the electron-luminous spheres making 
up the rosettes generally measure about 100 nm 
in diameter, the number of component spheres 



varies from 2 to as many as 9, such that the 
ultrastructure of the rosettes is not constant. 
“Chambers” or ovoid inclusions in light micro- 
graphs correspond to these rosettes; they have 
no known function. 

The polar organelle, a structure first described 
in spirilla and subsequently found in other types 
of flagellated bacteria, is clearly present in Cris- 
tispira and lies conspicuously beneath the flagellar 
bundle (Figs. 2 and 5a). The proximity of the polar 
organelle to flagella insertions suggests a role in 
motility generation. Nothing is known directly 
about the reaction of Cristispira to gaseous oxy- 
gen, though if cytochrome oxidase were present 
at the polar organelle in Cristispira (as it is in 
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Fig. 5. Cristispira pectinis. (a) Rela- 
tionship of rosettes (r) to polar 
organelles (po); four rosettes and 
two polar organelles in longitudinal 
electron microscopic sections. (Bar 
= 0.2 pm.) (b) Peripheral location of 
rosettes, one with seven-fold symme- 
try. (Bar = 0.2 pm.) (c to e) Rosettes 
with two to nine spherical compo- 
nents. (Bar = 0.1 pm.) (f) Detail of a 
polar organelle showing quadrilami- 
nar structure. Abbreviations; n, nucle- 
oid. See Margulis et al. (1991) for 
details. 



c d e 



mt 



Pr 





















Ct 



Fig. 6. (a) Cytoplasmic tubules (mt), 24 nm in diameter, in a 
longitudinal section of the termite Pillotina calotermitidis 
from Madeira. (Bar = 0.5 pm.) (b) Cytoplasmic tubules (ct), 
21 nm in diameter, and flagella (f), in Diplocalyx from 
Incisitermes minor from Newbury Park, California. Abbrevi- 
ations: m, inner membrane; n, nucleoid; ri, ribosomes. (Bar 
= 0.5 pm.) (Micrograph by D. G. Chase.) 



Fig. 7. Densely populated microbial community from the 
hindgut of the subterranean termite Reticulitermes hesperus. 
An unidentifled protist (Pr), undulipodia (U), and unidenti- 
fled and large spirochetes (S), including Pillotina and Cleve- 
landina, are seen in this transmission electron micrograph. 
Bar = 0.5 pm. 
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C 



P AX 



Fig. 8. Two Pillotina spirochetes (P) inside an unidentified 
hindgut protist, associated with host axostyle (AX) and 
microtubules (MT). Note the Clevelandina cell (C) and an 
unidentified small spirochete (S) at the upper left; U, unduli- 
podium. (Bar = 0.5 pm.) 



Sphaerotilus natans; Tauschel, 1985), this would 
suggest that the metabolism of this spirochete is 
aerobic or microaerophilic. The type species for 
the genus is Cristispira pectinis (Gross, 1910). 

Clevelandina 

Clevelandina spirochetes are symbiotic in the 
paunch of subterranean termites and therefore 
may be anaerobes. The cells are generally oblong 
in cross-section, are 0.4 to 0.8 pm in diameter and 
have 30 to 50 periplasmic flagella (Fig. 1, 4, and 
9). The angle subtended by the flagella tends to 
be greater than 180°, and the inner coat (calyx) 
is correspondingly reduced. The cells are charac- 
terized by a thick inner coat (layer) of the outer 
membrane which tends to be chambered and an 
outer coat of the inner membrane which is 
present except where the circumference is cov- 
ered by flagella. A sillon, the contact between the 
inner and outer membrane that extends longitu- 
dinally, is present and crenulations are lacking. 
The type species is Clevelandina reticulitermitidis 
from the California termite Reticulitermes tibialis 
(Bermudes et al., 1988). 

Diplocalyx 

The Diplocalyx spirochetes are symbionts in 
hindguts of dry wood-eating termites; they are 



P 



U 



C 



Fig. 9. Clevelandina (C), Pillotina (P), and an unidentified 
spirochete (S) coexisting with undulipodia (U) in the hindgut 
of Reticulitermes hesperus. Bar = 0.5 pm. 



probably either anaerobes or microaerophiles. 
The cells are helical and 0.7 to 0.9 pm in diame- 
ter. In Diplocalyx the 40 to 60 periplasmic fla- 
gella are tightly bundled between the inner and 
outer membranes (Figs. 1 and 4). A prominent 
sillon varies in position in different morphotypes 
relative to the flagellar bundle. A thick outer coat 
of the inner membrane, forming a calyx (cup), is 
present except under the flagellar bundle and 
sillon. Crenulations of the outer membrane are 
absent. Cytoplasmic tubules, about 21 nm in 
diameter (Fig. 6b), and polar organelles have 
been seen in some sections. The type species is 
Diplocalyx calotermitidis from the Mediterra- 
nean termite Incisitermes flavicollis (Gharago- 
zlou, 1968). 

Hollandina 

Hollandina spirochetes, found in wood-eating 
cockroaches and termites, are probably anaer- 
obes or microaerophiles. They are smooth, 
rounded to oblong, and helical when observed in 
transverse section; they are 0.4 to 1.0 pm in diam- 
eter (Figs. 1 and 4). Hollandina spirochetes gen- 
erally have a thick coating on the outer surface 
of the outer membrane. Crenulations of the 
outer membrane are lacking. Cells have from 15 
to 70 flagella dispersed in the periplasmic space. 
A sillon is absent or relatively inconspicuous. 
Polar organelles and cytoplasmic tubules have 
been observed in some sections. The type species 
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is Hollandina pterotermitides from the Sonoran 
desert termite Pterotermes occidentis (Bermudes 
et al. 1988). 

Pillotina 

Pillotina spirochetes are symbionts in the guts of 
wood-eating cockroaches and termites and are 
probably anaerobes or microaerophiles. They 
have helical cells 0.6 to 1.5 pm in diameter with 
prominent crenulations in the outer membrane 
(Figs. 1, 4, 6a, 7, 8, and 9). A stellate profile with 
approximately 30 to 70 flagella distributed 
throughout the periplasmic space is distinctive 
for the genus. The inner coat of the outer mem- 
brane is consistently prominent; an outer coat of 
the outer membrane is present in some popula- 
tions. A deep and narrow crenulation forms the 
sillon. The type species is Pillotina calotermitidis 
from the Madeiran termite Incisitermes praecox 
(Hollande and Gharagozlou, 1967). 

Cytoplasmic Tubules 

Hollow tubules, called microtubules by Ghara- 
gozlou (1968; Fig. 6a) although they are some- 
what smaller in diameter than the standard 
25 -nm microtubules of eukaryotes (Margulis et 
al., 1978, 1981; To, 1978), have been seen in the 
protoplasmic cylinders of many termite spiro- 
chete genera, including those listed in Table 1. In 
large spirochetes of the dry-wood-eating ter- 
mites Incisitermes schwarzi and Pterotermes occi- 
dentis, the presence of a tubulin-like protein was 
detected by antitubulin immunofluorescence and 
by co-migration with authentic brain tubulin in 
acrylamide gel electrophoresis (Bermudes et al., 
1987; Margulis et al., 1978). Tubulin proteins, 
which comprise eukaryotic cilia, flagella (unduli- 
podia), and the mitotic apparatus, are ubiquitous 
in eukaryotes. This is the only known evidence 
of tubulin-like proteins in prokaryotes. An evo- 
lutionary relationship between the cytoplasmic 
tubules of these spirochetes and eukaryotic 
microtubules has been suggested (Margulis, 
1981). Cytoplasmic tubules have not been 
reported in any Cristispira strains. 

Distribution of Morphotypes 

The geographical distribution of Cristispira 
(Table 2) and of large spirochetes from insect 
hindguts (Table 3) was summarized earlier. In 
any given termite, distinctive spirochete mor- 
photypes are consistently and reliably found. 
Many undescribed spirochete morphotypes, 
especially smaller ones, are present in termite 
and cockroach hindguts, often in impressive 
numbers (Fig. 7). More than 25 species of kalo- 



termitids and rhinotermitids have been exam- 
ined, and they nearly all harbor some type of 
pillotina spirochete. Since more than 350 species 
of dry-wood termites (Krishna, 1961) and 158 
species of subterranean termites are known 
(Wilson, 1971) and fewer than 30 termite species 
have been examined with the electron micro- 
scope, many more complex spirochetes likely 
await discovery. 



Isolation 

Collection and Examination of 
Symbiotic Spirochetes 

Large spirochetes are easily observed live in wet 
mounts. Styles can be readily dissected from 
fresh mollusks and crushed with a coverslip for 
direct observations of Cristispira. Intestines are 
removed with forceps from termites or wood- 
eating cockroaches. The microorganisms are very 
densely packed and so are usually diluted with 
Trager’s solution (1934) before observation. 
They may be maintained for observation for up 
to 2 hours {Cristispira) or 24 hours (some hind- 
gut spirochetes), using petrolatum- or paraffin- 
sealed microscope slides. The style or gut, its 
microcosm intact, is prepared for electron 
microscopy by fixation with glutaraldehyde 
(Margulis et al., 1991; To, 1978) or observed 
directly. 

Collection of Cristispira 

To observe live Cristispira, the host mollusk must 
be freshly harvested since styles degenerate 
within a few hours after removal from their nat- 
ural estuarine habitat. Oysters maintained in the 
laboratory quickly lose their spirochetes. Cris- 
tispira tend to be either plentiful or absent in any 
given style and when present tend to align longi- 
tudinally in the style matrix. The environmental 
conditions indicative of the presence and abun- 
dance of Cristispira in a mollusk are poorly 
understood. Mollusks of the same species shar- 
ing the same environment will not all contain 
Cristispira. The aeration of the general environ- 
ment seems to have no correlation with the pres- 
ence of Cristispira. Mollusks in well-aerated surf 
and mollusks buried deep in black, anaerobic 
muds both contain Cristispira. Cristispira can be 
collected the year round. 

Maintenance of Motile Pillotina Cells 

In spite of many efforts, no medium has yet been 
devised that permits the in vitro growth of any 
of these large, symbiotic spirochetes. The follow- 
ing medium, however, did maintain motile ter- 
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mite spirochetes in mixed culture for at least 72 
and up to 120 hours: 

Sweet E broth (Holdeman and Moore, 1972) is adjusted 
to a pH of 6.8, rendered anaerobic by gassing with 80% 
Ar, 10% CO 2 , and 10% H 2 , and anaerobically sterilized 
in Hungate anaerobic tubes containing 1.5% agar. By the 
syringe method, fetal bovine serum and cocarboxylase 
are added to a final concentration of 5.0% and 0.05%, 
respectively. Hindgut contents from a surface-sterilized 
termite are inoculated into the medium. 

The obvious sensitivity of the spirochetes to 
air bubbles on the slides and in the medium sug- 
gests that these organisms are microaerophiles 
or anaerobes. 



Identification 

Large symbiotic spirochetes may be identified by 
light microscopy to at least the family Pilloti- 
naceae and in some cases to genus given identi- 
fication of their animal hosts. For classification to 
species, ultrastructural identification is required. 
The use of molecular sequence analysis, in par- 
ticular 16S ribosomal RNA sequence compari- 
son, has not been applied to any large symbiotic 
spirochetes so the phylogenetic relation of these 
spirochetes with other spirochetes or any bacte- 
ria is unknown. 

Symbiotic Relationships with 
Other Organisms 

Cristispira 

The crystalline styles of oysters digest cellulose 
in the absence of Cristispira symbionts. With 
respect to cellulose digestion in oysters, styles 
with spirochetes do not differ from styles without 
spirochetes (Margulis et al., 1991). Therefore, the 
role, if any, the spirochete plays in oyster diges- 
tion is unknown. 

Termite Spirochetes 

Termite spirochetes are always found in associa- 
tion with dense populations of hypermastigote 
and polymastigote protists, as well as with other 
bacteria. They are present in the hindguts of 
healthy, dry-wood, and subterranean termite 
hosts of all insect stages and castes: larvae, pseu- 
dergates, alates, and soldiers. The termite com- 
munities include some 10^-10^ protists per ml of 
fluid gut: lophomonads, trichonymphids, deves- 
covinids, monocercomonads, and oxymonads. 
They also regularly contain 10^-10^^ bacteria per 
ml of hindgut fluid, including Arthromitus (Mar- 
gulis et al., 1990b) and other Gram-negative rods 
of many kinds (To and Margulis, 1978; To et al.. 



1980; Figs. 7, 8, and 9). Live spirochetes are 
observed in many sorts of relationships with each 
other and with members of the community: 1) 
free in the lumen of the intestine (Grimstone, 
1967; Margulis et al., 1979; Fig. 3, 7, and 9); 2) 
attached casually to the surfaces of protists, espe- 
cially devescovinids and dinenymphids (Blood- 
good and Fitzharris, 1976); 3) attached to other 
bacteria (Margulis and Schaadt, 1976); 4) 
attached to each other and translating in moving 
bundles (Margulis and Schaadt, 1976; To et al., 
1978); 5) attached to debris and beating in 
synchrony without translation (Margulis and 
Schaadt, 1976); 6) attached in regular tufts to the 
surfaces of mastigotes (these populations of spi- 
rochetes may beat in synchrony and thus move 
their mastigote hosts, thereby forming motility 
symbioses; Cleveland and Grimstone, 1964; To et 
al., 1978); or 7) entirely engulfed within the cyto- 
plasm of protists (Margulis et al., 1979, 1981; Fig. 
8). Apparently, these spirochetes have sticky sur- 
faces that facilitate attachment to each other and 
to other microbes. The hindgut spirochetes, along 
with other members of the hindgut microbial 
community, are actively transferred to newly 
hatched larvae and from insect to insect by proc- 
todeal (mouth-to-anus or anus-to-anus) contact. 
If unprotected or exposed to oxygen, the spiro- 
chetes die in a few minutes. 

The spirochetes are probably not essential for 
cellulose digestion because the community and 
the host can survive their absence, at least for 
some weeks. The spirochetes appear to depend 
on the protists in the hindgut community; the 
spirochetes do not survive more than a few days 
after the protists are removed by chemical or 
heat treatment of the termite hosts (Grosovsky 
and Margulis, 1982). None of the large symbiotic 
spirochetes seem to have any practical 
importance. 
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CHAPTER 14.5 

Streptobacillus moniliformis 

JAMES R. GREENWOOD AND SYDNEY M. HARVEY 



Introduction 

The genus Streptobacillus is presently repre- 
sented by one species, Streptobacillus monilifor- 
mis, the etiologic agent of rat-bite fever and 
Haverill fever. S. moniliformis has also been 
known as Haverhillia multiformis, Actinomyces 
muris, Actinobacillus muris, and Haverhillia 
moniliformis. Although the genus Streptobacillus 
was described in the 1920s, taxonomically it con- 
tinues to be a genus of uncertain affiliation. Pre- 
viously this genus was placed in the families 
Parvobacteriaceae (Tribe Haemophileae) and 
Bacteroidaceae. Since the 8th edition of Bergy’s 
Manual, Streptobacillus has been described as a 
genus of “uncertain affiliation.” It was recently 
suggested (Savage, 1989) that S. moniliformis is 
more similar to some of the Mycoplasmatales. 
This suggestion is based on the low GC content 
of the DNA (24-26 mol%), serum or blood 
requirements for growth, cholesterol incorpora- 
tion into the cell membrane, animal parasitism, 
and production of L-phase organisms. Further 
clarification of the taxonomic position of this 
genus awaits genetic studies, such as DNA-RNA 
hybridizations. 

Habitats 

S. moniliformis is found in the nasopharynx 
of laboratory and wild rats, with some studies 
reporting as many as 50-100% of wild rats car- 
rying it as a commensal organism and excreting 
it in their urine (McHugh et al., 1985). It is 
reported to have caused tendon sheath infections 
in turkeys, cervical abscesses in guinea pigs, epi- 
zootics in laboratory mice, and lesions in labora- 
tory rats with bronchopneumonia. Humans 
become involved in the transmission cycle 
through rat bites or from the bites of squirrels, 
weasels, and such rat-eating carnivores as dogs, 
cats, and pigs. Rat bite fever has also been 



reported following the handling of dead rats. 
Haverhill fever may result from the ingestion of 
milk to which rats have had access. 



Selective Enrichment 

S. moniliformis is both fastidious and slow grow- 
ing; consequently it is frequently overgrown by 
normal fiora. Because it is an uncommon human 
pathogen, little work has been done to develop 
a selective culture medium. Recently, however, 
colistin nalidixic acid agar (CNA) was used in 
conjunction with other media to isolate Gram- 
negative S. moniliformis from a 2-month old with 
a fatal infection following a bite by a wild rat 
(Sens et al., 1989). CNA is inhibitory for many 
other Gram-negative bacteria and the use of this 
medium or a modification combining colistin, 
nalidixic acid and serum might provide a new 
approach to isolation of S. moniliformis from 
nonsterile body sites. 

Isolation 

S. moniliformis growth media should be sup- 
plemented with blood, serum, or ascitic fluid. 
Because L-phase variants might be present in 
clinical samples, media formulations must also 
take the specialized growth requirements of 
these forms into account. The bacterial phase 
has been isolated on media with either a meat 
infusion or tryptose base enriched with 20% 
horse serum or 15% sterile defibrinated rabbit 
blood. L-phase variants are more easily 
observed in culture when grown on the clear, 
serum-containing agar. Agar plates should be 
incubated in a humid environment with 
increased CO 2 , such as that obtained in a candle 
jar, or in a humidified CO 2 incubator. Plates 
should be incubated at temperatures of 35-37°C. 
S. moniliformis colonies are greyish, are round, 
and have a butyrous consistency. They generally 
have a discrete edge and reach approximately 1- 
2 mm after incubation for 3 days. The L-phase 
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colonies exhibit a typical mycoplasma-type 
“fried egg” appearance and are considerably 
smaller than bacterial colonies. 

When blood cultures are required to diagnose 
S. moniliformis endocarditis, thioglycolate broth 
appears adequate to support growth. However, 
it appears important not to use broth that con- 
tains sodium polyanethol sulformate, as this has 
been reported to be inhibiting at levels as low as 
0.0125% (Lambe et al., 1973). 

Identification 

Table 1 lists the salient features of S. monilifor- 
mis. Because of the fastidious nature of these 
organisms, the literature frequently reports 
numerous discrepant biochemical features prob- 
ably resulting from the use of different basal 
media. The most comprehensive studies on bio- 
chemical reactions of this genus are presently 
based on the studies of Aluotto et al. (1970) and 
Cohen et al. (1968). 

Perhaps the most reliable and accessible 
method of testing carbohydrate fermentation is 
to inoculate a 24-h broth culture of S. monilifor- 
mis into a cystine trypticase agar (CTA) base 
that contains one drop of rabbit serum and 1 % 
carbohydrate in final concentration. These tubes 
are incubated at 35°C and reactions read at 1, 2, 
7, and 14 days. Inoculated tubes should be com- 
pared to control tubes consisting of CTA with 
added carbohydrate and serum. For detection of 
other biochemical features, the work of Cohen 



Table 1. Salient features of Streptobacillus moniliformis. 



Test 


Result 


Catalase 


- 


Oxidase 


- 


Indole 


- 


Nitrate to nitrate 


- 


H 2 S production 




Arginine dihydrolase 




Serum, blood, or ascitic fluid (required for growth) 




Phenylalanine deaminase 


- 


Methyl red 


- 


Voges-Proskauer 


- 


Esculin in hydrolysis 


d" 


Gas produced from carbohydrate 
Acid produced from: 




Fructose 




Glucose 




Maltose 




Starch 




Arabinose 


- 


Dulcitol 


- 


Sorbitol 


- 


Sucrose 


- 



M = Different biotypes. 



et al. (1968) should be consulted. Fatty acid pro- 
files have also been used to rapidly identify S. 
moniliformis during an outbreak of Haverhill 
fever (Rowenbotham, 1983). In this work, 
strains were grown in serum broth for 24 h, and 
the cultures were used to prepare fatty acid 
methyl esters. S. moniliformis strains had consis- 
tent peaks of palmitic, linoleic, oleic, and stearic 
acid. 

The microscopic morphology of S. monilifor- 
mis may vary depending on the media used, cul- 
tural conditions, and age of culture. Generally, 
cells appear as elongated Gram-negative rods, 
frequently in chains and filaments with occa- 
sional thickenings along the filaments giving 
rise to a necklace appearance (“moniliformis” 
means necklace-shaped). S. moniliformis is 
nonencapsulated, nonmotile, and facultatively 
anaerobic. 



Preservation of Cultures 

Cultures of S. moniliformis can be lyophilized for 
effective storage. They can also be subcultured in 
broth, but transfer to fresh broth medium is 
required as frequently as every 24 h to maintain 
viability. Refrigerated agar plate cultures can 
survive up to 15 days. 



Applications 

Animal research personnel are at risk from 
developing rat bite fever when working with lab- 
oratory rats. From 1958 to 1983, of 13 cases of rat 
bite fever reported in the United States, six of 
the cases were associated with bites of laboratory 
rats (Anderson et al., 1983). This is in keeping 
with the high rate of colonization by S. monili- 
formis in these animals. Studies on the mecha- 
nism of pathogenicity, virulence, and host range 
have not been reported. 



Literature Cited 

Aluotto, B. B., R. G. Wittier, C. D. Williams, J. E. Faber. 1970. 
Standardized bacteriologic techniques for characteriza- 
tion of Mycoplasma species. Int. J. Syst. Bacteriol. 20:35- 
58. 

Anderson, L. C, S. L. Leary, P. J. Manning. 1983. Rat bite 
fever in animal research laboratory personnel. Lab. Ani- 
mal Sci. 33:292-294. 

Cohen, R. L., R. G. Wittier, J. E. Faber. 1968. Modified bio- 
chemical tests for characterization of L-phase variants 
of bacteria. Appl. Microbiol. 16:1655-1662. 

Lambe, D. W, A. M. McPhedran, J. A. Mertz, P. Stewart. 
1973. Streptobacillus moniliformis isolated from a case 



CHAPTER 14.5 



Streptobacillus moniliformis 985 



of haverhill fever: biochemical characterization and 
inhibitory effect of sodium polyanethol sulfonate. Am. 
J. Clin. Pathol. 60:854-860. 

McHugh, T. P, R. L. Bartlett, J. I. Raymond. 1985. Rat bite 
fever: Report of a fatal case. Ann. Emerg. Med. 
14(2):1116-1118. 

Rowenbotham, T. J. 1983. Rapid identification of Streptoba- 
cillus moniliformis. Lancet ii:567. 



Savage, N. 1984. Genus Streptobacillus Levaditi, Nicolau and 
Poincloux 1925, 1188. 598-600. N. R. Krieg and J. G. Holt 
(ed.) Bergey’s manual of systematic bacteriology, vol. 1. 
Williams and Wilkins. Baltimore. 

Sens, M. A., E. W. Brown, L. R. Wilson, T. P. Crocker. 1989. 
Fatal Streptobacillus moniliformis infection in a two- 
month old infant. Am. J. Clin. J. Clin. Pathol. 91:612- 
616. 



Prokaryotes (2006) 7:986-989 
DOI: 10.1007/0-387-30747-8_45 

CHAPTER 14.6 

The Genus Toxothrix 

PETER HIRSCH 



The first description of a bacterium that produced twisted 
bundles of thin filaments which contained oxidized iron was 
given by Cholodny (1924). He called this organism Lepto- 
thrix trichogenes, the filament-producing Leptothrix. The 
flexible bacterium was observed in a water basin next to the 
river Dnjepr near Kiev, Russia. Its cells (diameter approxi- 
mately 0.5 pm) were connected to form a trichome of up to 
400 pm in length. A peculiar movement was observed: the 
U-shaped trichome glided with its rounded part forward; 
both ends of the trichome left bundles of twisted filaments 
of polymer as parallel “railroad tracks.” Occasionally, parts 
of the bundles appeared to be drawn out in a fan-shaped 
fashion (Figs, la, 2). 

Although this first description was very accurate, as we 
know now, later scientists failed to notice the presence and 
importance of the flexible, gliding bacterium (trichome); they 
only observed the often rigid, brittle, iron-encrusted bundles 
of filaments. Consequently, these filaments were interpreted 
to be alive, to comprise the organism. It appears strange that 
the producer of these structures did not attract greater 
interest. 

The explanation for the failure to recognize the true nature 
of Toxothrix came from Krul, Hirsch, and Staley (1970), who 
employed a partially immersed, phase-contrast microscope 
to study the formation of such filament bundles in an iron 
spring in Michigan. The bacterial trichome was observed to 
consist of up to 40 rods, each of 0.5-0.75 x 3-6 pm, with a 
total length of up to 240 pm. The forward movement of the 
often U-shaped trichome consisted of symmetrical rotation 
of both trichome ends, which thereby left a track on their 
attachment surface that consisted of twisted polymer fibers. 
Occasionally, the torque on the rounded center part of the U 
was released by an upward twist followed by a downward 
“printing” of polymer onto the surface of the glass slide. 
Later these polymer fibers became encrusted with iron oxide. 
Attempts to study the flexible filaments in the laboratory 
resulted in an explosive lysis that occurred within a few min- 
utes after the living preparation had been made (Fig. lb). 
Thus the absence of trichomes in samples of many earlier 
observers could be explained (Krul, Hirsch, and Staley, 
1970). 

The fact that the bundle of twisted fibers was different 
from the “true” sheaths produced by other Leptothrix spp. 
caused Molisch (1925) to name this organism Toxothrix 
ferruginea {toxon, Greek noun, a bow). Later, Beger and 
Bringmann (1953) changed the name partially back into 
Toxothrix trichogenes, a more proper name (Hirsch and 
Zavarzin, 1974). 



This chapter was taken unchanged from the second edition. 



Habitats 

The organism is not at all common in nature, 
although in specific habitats it has been found 
with a worldwide distribution. Most observers 
have seen Toxothrix trichogenes in fairly cold 
iron springs under conditions of reduced oxygen 
tension and slightly acidic pH (Table 1). The 
highest water temperature at which Toxothrix 
has ever been reported to grow is 15.5°C; thus 
this bacterium is obviously a psychrotroph. Con- 
centrations of ferric iron were, when measured, 
low: 1-2.7 mg/liter Fe^^. Many authors do not 
mention, in their reports, the occurence of the 
gliding Toxothrix trichomes, and thus the organ- 
ism itself could have been absent when the more 
persistent, iron-encrusted filament bundles were 
seen and the parameters measured. 

If one studies the variety of other bacteria 
present with Toxothrix trichogenes, one discovers 
that Gallionella ferruginea usually accompanies 
it. Leptothrix spp., Siderocapsa spp. or Sphaero- 
tilus, Naumanniella spp., and Ochrohium tectum 
also occur, but if present they appear in smaller 
numbers. The natural habitat of Gallionella 
seems to be very similar to that of Toxothrix. But 
while the former grows best in nutrient-poor 
environments, the Toxothrix trichomes seem to 
prefer a higher concentration of organic matter. 
Also, Toxothrix grows best under microaero- 
philic conditions (Table 1). 

Occurrence of Toxothrix in lakes or ponds has 
rarely been reported. Gorlenko, Dubinina, and 
Kusnezov (1977) found this organism in a 7- to 
8-m depth in a Karelian mesotrophic lake and 
state that, if meromictic lakes were studied, 
Toxothrix could be found in one out of three such 
lakes. 

Enrichment Suggestions 

Toxothrix trichogenes has not been obtained in 
pure culture to date. However, natural Toxothrix 
samples — especially from cold iron springs with 
low pH — can be kept in the laboratory for sev- 
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Fig. 1. Toxothrix trichogenes growing on a slide submerged 
in an iron-spring basin. The flexible trichomes with dense 
granules, (a) Typical U-shape of gliding cells, (b) A trichome 
has fragmented. Bar = 10 pm. 



Fig. 2. Toxothrix polymer filaments (twisted bundle, 
fanshape) with iron encrustations. There are also sheaths of 
Leptothrix sp. and Gallionella bands. Preparation from the 
same site as in Fig. 1. 



eral months, provided they contain some sedi- 
ment with organic matter and are kept cold (5°C) 
and dark. 

Microscopic examination of such stored sam- 
ples often results in rapid lysis of the trichomes, 
a behavior also observed in some other gliding 
bacteria. The reason for the rapid lysis is not 
entirely clear. It could not be caused by a tem- 
perature that is too high, since lysis will occur 
below temperatures of some natural habitats. 
Light intensity and lack of oxygen could also be 
ruled out for the same reasons. Toxothrix tri- 
chomes may be extremely sensitive to pressure. 
Therefore, the cover slip of a preparation for 
microscopy should be carefully supported by 
small fragments of cover slip glass. It may also be 
quite harmful to these organisms to be streaked 
out, for the same reasons. 

Future enrichments should be made with nat- 
ural samples that contain many actively gliding 
trichomes; the number of twisted rope structures 
is quite irrelevant. The liquid medium should 
probably have a pH of 5.5-6.S, a constant iron 




supply of not more than 1-2 mg/liter Fe^^, and an 
oxygen concentration of about 1 mg/liter. The 
incubation should be performed in the dark and 
at 5-10°C. 



Identification 

In the absence of iron-encrusted, excreted fila- 
ment bundles, Toxothrix trichogenes could be 
mistaken for other gliding bacteria such as Her- 
petosiphon spp. The genus Haliscomenohacter (= 
Streptothrix), described from polluted environ- 
ments (see The Genus Haliscomenohacter in this 
Volume), also shows some morphological simi- 
larities to Toxothrix. It is quite possible that glid- 
ing bacteria without such filamentous sheaths 
that have been observed in various freshwater, 
marine, or polluted habitats could have been 
Toxothrix spp. The absence, in Toxothrix tri- 
chomes, of constrictions at the cross-wall sites is 
quite characteristic. Their mode of gliding (in the 
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form of a U) separated them from the equally 
colorless, filamentous, and gliding Achroonema 
spp., which normally remain fairly straight. 

Fragmentation of Toxothrix trichomes into 
short rods is more common in some habitats than 
in others and indicates the possibility of there 
being more than one Toxothrix species. Even 
before fragmentation, one recognizes many 
dense (electron-dense) granules in the Toxothrix 
trichomes. These may be polyphosphate granules 
(volutin). After fragmentation, each rod-shaped 
cell usually has two such granules, one at either 
end. 
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CHAPTER 14.7 

The Genus Gallionella 

HANS H. HANERT 



The bacteria of the genus Gallionella belong to 
the so-called “iron bacteria,” which achieved 
their theoretical importance after Winogradsky 
(1888, 1922) postulated his conception of chem- 
olithotrophy for these organisms. These bacteria 
also have practical significance since they clog 
drains, water pipes, and wells with deposits of 
iron oxide compounds. In connection with fresh- 
water supply problems and the rapid growth of 
agriculture, hydrotechnicians and land-reclama- 
tion (underground drainage) specialists have 
become increasingly interested in bacterial iron 
oxidation as a common source of interference 
with wells and drainage systems (Ford, 1978; 
Hanert, 1974b; Khrutskaya, 1970; Martin et al., 
1978). Iron bacteria are also interesting for eco- 
logical and biogeochemical reasons. Like algae, 
iron bacteria may develop in their natural habi- 
tats in such masses that the idea of their partici- 
pation in the sedimentary formation of iron ore 
is plausible, as was recognized in the first descrip- 
tion of the iron bacterium Gallionella ferruginea 
(Ehrenberg, 1836). 

Iron bacteria are reputed to be difficult to 
work with. The general opinion of microbiolo- 
gists is that it is difficult to cultivate these organ- 
isms in the laboratory and that there are 
difficulties in isolating and identifying them. 
Therefore, it is one of the main purposes of this 
contribution to show that this poor reputation is 
unjustified. It will be demonstrated that cultiva- 
tion and handling of the treated bacteria are in 
no way more difficult than for other microorgan- 
isms, if attention is paid to only a few fundamen- 
tal peculiarities, such as “sessility” and “gradient 
growth.” Disregard of these factors may be one 
of the most common practical reasons for failure 
to locate these organisms in natural habitats, for 
failure to cultivate them successfully, for misin- 
terpretation of presumed developmental stages, 
and for discouragement which can often be 
observed when students are starting in this field. 
Therefore, the following text is narrowly 
restricted to methods and practical advice — 
without any theoretical discussion on the contro- 
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versial life cycle, taxonomic position, and physi- 
ology, which are described in the literature cited. 

Habitats 

Chemistry of the Habitats 

Gallionella ferruginea characteristically occurs 
most abundantly in very pure, iron-bearing 
waters that contain only traces of organic mate- 
rial. Habitats with the best prospects for a suc- 
cessful search are ferruginous mineral springs, 
water works, wells, and drainages, especially 
underground drainages in regions near the 
groundwater table. Swamp ditches and lakes are 
unusual habitats that contain Gallionella in large 
quantities only at places where pure, ferrous 
waters infiltrate. Occurrence is not restricted to 
fresh waters or to low-temperature habitats, as 
commonly assumed; Gallionella has been con- 
vincingly found in salt water, marine bays, and 
thermal springs with temperatures up to 47°C 
(Hanert, 1973b, 1981a; Sharpley, 1961; Volkova, 
1939; Vouk, 1960). 

Common to all of the various Gallionella 
localities investigated are sharply limited phy- 
sicochemical conditions characterized by a 
low redox potential in an Eh range of +200 to 
-h 320 mV (rH 2 values generally vary from 19 to 
21) and a slightly acidic environment caused by 
the solution of considerable amounts of CO 2 . 
Adding the data determined by Volkova (1939) 
in slightly alkaline mineral waters, the pH envi- 
ronmental limits range from 6.0 to 7.6, which 
excludes growth in acid habitats. Occurrence of 
Gallionella in acid mine waters as described by 
Walsh and Mitchell (1969, 1970) may be a result 
of confusing Gallionella with Metallogenium 
and/or nonbiological structures. 

These Eh and pH limits characterize Gal- 
lionella as a very good example of a gradient 
organism that develops under neither strongly 
reducing conditions nor in a highly oxidizing 
zone, but in a level between the two extremes 
with redox conditions about 200-300 mV lower 
than typical surface waters. This region in which 
Gallionella grows characterizes the lowest zone 
of Eh-pH environmental limits of iron bacteria 
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established by Baas-Becking et al. 1956, in which 
there are usually only low concentrations of 
oxygen. 

Comparison with geochemical-stability held 
data for ferrous iron, published by Garrels and 
Christ (1965) and Hem (1972), shows that the 
Gallionella Eh-pH milieu, in all the cases that 
have been measured, lies signihcantly within 
the zone in which ferrous ions are stable. This 
stability appears to be the essential factor in the 
environmental conditions for the existence of 
Gallionella, much more important than the fac- 
tors of temperature and oxygen content, to 
which Gallionella manifests greater adaptability 
than generally thought. The marked psychroph- 
ily and the microaerophily generally ascribed to 
Gallionella seem to be only secondary effects 
that depend on the fact that bivalent iron is most 
stable under these conditions (Hanert, 1975). 
Thus, it is easy to understand why Gallionella 
also occurs in 02-saturated waters, for example, 
in aerated, iron-removal treatment plants in 
water works or in thermal springs, when the only 
essential condition, stability of bivalent iron in 
the presence of oxygen, is fulhlled. These obser- 
vations do not invalidate the most common 
values of physicochemical factors measured in 
Gallionella habitats, which are 0.1-1 mg/liter O2, 
8-1 6° C, 5-25 mg/liter Fe(II), around 20 or more 
mg/liter CO2, and a very slight content of organic 
material, not above 12 mg/liter KMn04 (Hanert, 
1975). 



Growth Measurement and Analysis 
of Iron-Oxidation Structures by 
In Situ Exposure 

The red-brown deposits at Gallionella sites con- 
sist primarily of the typical spiral bands of dead 
matter excreted from the terminal Gallionella 
cells. These deposits may be extremely pure. 
However, their Gallionella-mXmQ may be very 
difficult to recognize when the deposits have 
been altered by additional chemical iron- 
oxidation processes. False conclusions may then 
be drawn about the nature of the iron-oxide 
precipitation. A direct measurement of Gal- 
lionella growth is indispensable for analyzing 
such structures, as well as for determining 
whether or not Gallionella is actually growing 
on the site. 

There are three proven methods of in situ 
exposure for light microscopy and for transmis- 
sion and scanning electron microscopy: (1) The 
exposure of cover slips or slides for several 
hours or days, singly or in multiple vertical align- 
ment, in plastic clamp httings. This method, a 
modihcation of the on-growth method of Nau- 
mann (1919) and Cholodny (1924), allows the 



localization of the zones in which Gallionella 
develops in still waters, the densitometric and 
photometric registration of the total iron oxida- 
tion (Hanert, 1981a) and, by determining stalk 
production, the quantihcation of the momentary 
Gallionella development (Hanert, 1973a). (2) 
The exposure of Formvar-coated, platinum or 
gold, electron-microscope grids (copper grids 
are inappropriate due to the frequent presence 
of H2S). With these procedures, the hne struc- 
ture of the bands, as well as of the terminal 
Gallionella cells on the sessilely excreted intact 
stalks, may be observed. The latter is not 
included when suspension preparations of the 
stalk fragments are used (Hanert, 1970; Hirsch 
and Pankratz, 1970). (3) Exposure of round glass 
slides for scanning electron microscopy and elec- 
tron probe microanalysis (FeKa). Tliis proce- 
dure is especially important because it allows 
tiny globular particles (0.04-0.3 qm in diameter) 
to be chemically and physically analyzed (Han- 
ert, 1981a). Until now, they were thought to be 
mycoplasma-like developmental stages and buds 
of Gallionella, but they have been shown to be 
pure Fe (III) -oxide particles. 

The advantages of these three procedures, 
which all make use of the sessile way of life, are 
obvious when one considers that the failure to 
hnd the characteristic apical cells in natural 
habitats (van Person, 1958) was the starting 
point for the studies that aimed at proving the 
mycoplasma-like and Metallogenium-likQ viable 
nature of Gallionella stalks (Balashova, 1967b, 
1969, 1974; van Person, 1958; Zavarzin, 1961). 
The three procedures described above may also 
be applied to pure cultures of Gallionella. 



Isolation 

Physiological Basis for Isolation 

Although chemolithotrophy has not as yet been 
generally recognized for Gallionella, it must be 
emphasized that all of the successful cultures 
were able to develop only in mineral media with 
iron(II) as energy source. This is true for Lieske’s 
hrst cultures (1911) containing metallic iron as 
well as for the excellent culturing procedures of 
Kucera and Wolfe (1957) that use ferrous sulhde 
as a source of reduced iron. Culture procedures 
that used organic media containing serum, as 
suggested by Balashova (1969), have remained 
unsuccessful. Classic Gallionella organisms with 
stalks and apical cells as well as developmental 
stages producing such forms have not been 
obtained. It thus seems evident that Gallionella 
is truly a chemolithotrophic bacterium and that 
ferrous-containing mineral media are best for 
cultivation and isolation. 
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Isolation Principles and Procedures 

Two isolation procedures have proven useful. 
Both use mineral Wolfe’s FeS medium (see 
below) as a selective isolation medium for Gal- 
lionella, in which neither sheathed nor capsu- 
lated iron bacteria will grow. 

One procedure is a test-tube dilution method 
in which a final concentration of one colony per 
culture is reached. The ability to stick to the ves- 
sel walls is used to separate Gallionella from the 
contaminants (Engel and Hanert, 1967; Hanert, 
1968; Hanert 1981b). 

Isolation of Gallionella by Dilution and Serial Transfer 
(Engel and Hanert, 1967; Hanert, 1968) 

One Gallionella colony is withdrawn with a capillary 
pipette from the wall of a test tube containing an enrich- 
ment culture, suspended homogeneously in 10 ml of 
Wolfe’s medium without FeS, diluted to 10“^ (maximally 
10 “^, one colony of 1 mm in diameter consists of about 
100,000 apical cells), and then inoculated into test tubes 
with Wolfe’s FeS medium (30-50 parallel cultures starting 
with a 10 “"^ dilution). 

After 1 week of culture, a one-colony culture is treated, 
in essentially the same way as above, to obtain a pure 
culture. The colony, which is attached to the wall of the 
test tube, is carefully rinsed using a pipette with approx- 
imately 200 ml of fresh, sterile medium without FeS, after 
first disposing of the FeS sediment (1 ml) and the mineral 
medium (9 ml). Then the colony is transferred five times 
into test tubes containing 10 ml of sterile medium (with- 
out FeS) and washed with gentle shaking to rid the colony 
of clinging contaminations. The washed colony is then 
suspended into sterile medium (10 ml) and again inocu- 
lated into test tubes containing Wolfe’s FeS medium at 
dilutions of maximally 10“^ (again 30-50 parallel cul- 
tures). Five to ten serial transfers are necessary to achieve 
pure culture in this manner. Although this procedure 
requires up to 10 weeks, it is a very certain method of 
continually reducing the number of contaminants and 
obtaining a pure culture (Hanert, 1975). 

The second isolation technique requires much 
less time and leads, according to the authors, to 
a pure culture in 7 out of 10 cases. It is based on 
the observation that some strains of Gallionella, 
in contrast to most contaminants, are resistant to 
0.5% formalin. 

Isolation of Gallionella by Formalin Resistance 
(Nunley and Krieg, 1968) 

Five-tenths milliliter of formalin (40% formaldehyde 
solution) was added to a dilution bottle of Wolfe’s 
medium containing 10 ml of ferrous sulfide agar and 
100 ml of fluid medium. Samples of Gallionella from its 
natural source were centrifuged at 3000 x g for 3 minutes. 
One to five milliliters of sediment was transferred to the 
Wolfe’s medium with formalin. The medium was incu- 
bated at 25°C for 1-2 days. One-milliliter aliquots of the 
culture were transferred to fresh Wolfe’s medium without 
formalin. Cultures were incubated at 25°C for 2-3 weeks. 
Tests for culture purity were performed using the third 
serial transfer after the formalin treatment. 

Purity is checked by use of a variety of 
heterotrophic and autotrophic test media, for 



example, yeast extract bouillon, nutrient agar, 
Nitrosomonas medium, Ferrobacillus medium, 
and Thiobacillus agar. The length of observation 
is up to 4 weeks. 

Micro- and Macrocultures and 
Axenic Maintenance 

There are no principal difficulties in cultivating 
Gallionella in containers ranging from small 
chambers to 12-liter fermentors. The difficulties 
of culture that have been reported in almost all 
publications on Gallionella generally are due to 
overlooking interactions in the medium among 
the following factors: phosphate, ferrous and fer- 
ric iron, oxygen, pH, and redox potential. The 
most important growth-inhibiting chemical pro- 
cesses in the medium are: (1) iron phosphate 
precipitation caused by too high a concentration 
of phosphate; (2) chemical autoxidation of fer- 
rous iron caused by too high a concentration of 
oxygen or by the redox potential being too high; 
and (3) the pH becoming more acidic when ele- 
vated O 2 concentration causes hydrolysis of ferric 
iron. All three processes eventually reduce the 
Fe(II) content of the mineral medium of the FeS 
cultures below the lower limit of 5 ppm. In order 
to retain the required Fe(II) concentration, it is 
absolutely necessary to have the following initial 
conditions in the medium: oxygen content 1 ± 
0.2% (0.42 ppm), pH 6.0 (values from CO 2 bub- 
bling, border values between 5.5 and 6.3), Eh 
+330 mV to +350 mV (Eh border values from - 
55 to +395 mV), phosphate (as K2HPO4) 0.05 g/ 
liter. These conditions were established in opti- 
mum growth zones of 3-liter Erlenmeyer flasks 
and confirmed in test tube cultures (Hanert, 
1975). They lead, following interactions between 
mineral medium and FeS-sediment, to an iron(H) 
concentration of 10-20 ppm which guarantees 
good growth of Gallionella. The conditions of 
gassing must be varied according to the volume 
in each vessel, so that common standardized 
instructions may not be given for all sizes of flasks. 
Identical for all cultures, though, is the production 
and storage of ferrous sulfide as well as the pro- 
duction of modified mineral Wolfe’s medium. 
During the first process, essential mistakes may 
be made that inhibit the growth of Gallionella. 

Preparation and Storage of Ferrous Sulfide 

For preparation of ferrous sulfide, two precipitation reac- 
tions with equal molar quantities are possible. FeS can be 
produced by reacting either 78 g ferrous ammonium sul- 
fate “(NH 4 ) 2 Fe(S 04)2 • 6 H 2 O” with 44 g sodium sulfide 
(Na 2 S • 9 H 2 O) or 140 g ferrous sulfate (FeS 04 • 7 H 2 O) 
with 120 g sodium sulfide in deionized water (50°C; ferrous 
salts are added in solid form while stirring). The resulting 
FeS precipitate must be washed extensively using deion- 
ized water (decanting of the supernatant and its replace- 
ment with deionized water at 50°C), removing Na^, NH 4 ^, 
and, above all, S^“ ions until the precipitate reacts neutrally 
(pH measurement in FeS, not in the supernatant). 
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Washing of FeS while continually checking pH 
is indispensable, since hydrolysis of any residual 
sulfide ions + H 2 O ^ HS“ + OH ) raises the 
pH to 7.7 directly over the FeS sediment. The 
elevated pH prevents bivalent iron from dissolv- 
ing and Gallionella development does not begin 
(Gebauer, 1978). Because of this indirect effect 
of sulfide on the development of Gallionella, 
sodium sulfide, used to manufacture FeS, is 
added in slightly less than the equimolar amount. 
The separation of the adsorbed sulfide ions from 
the FeS precipitate during the washing proce- 
dure is a slow process and takes approximately 
5 days (5-9 washings at intervals of at least 4 h). 
Delayed FeS sedimentation caused by formation 
of FeS-hydrosol can easily be eliminated by 
including a few drops of a saturated FeCls solu- 
tion or by once washing with tap water. After this 
cautious washing, FeS precipitate can be stored 
without oxidation in glass-stoppered bottles that 
are completely filled. 

Modified Mineral Wolfe’s Medium 

The modified mineral medium contains per liter distilled 
water: 1 g NH4CI, 0.2 g MgS04 • H2O, 0.1 g CaCfi • 2H2O, 
and only 0.05 g K2HPO4 • 3H2O (one-tenth of the original 
concentration). 

With the strongly reduced concentration of 
phosphate, it is no longer necessary to separately 
autoclave the individual components (no earth 
alkali phosphates are formed during auto- 
claving). Low phosphate concentration also pre- 
vents iron phosphate precipitate in the culture 
medium. Such precipitation would result in a 
total growth inhibition of Gallionella due to lack 
of dissolved iron(II). 

Microculture Slide Chambers for In Vivo Studies on 
Cell Division, Cell Rotation, and Stalk Twisting 

In constructing a chamber, one cover glass (20 x 50 mm) 
is mounted on each slide (26 x 76 mm). The cover glass 
is maintained at 0.05 or 0.1 mm above the slide by initially 
inserting a 0.05- or 0.1-mm fiat bar and then sealing the 
two sides with sealing wax. The bar is removed, the third 
side (bottom of the chamber) is then sealed, and the slide 
is held erect for filling. First, a tiny drop of FeS is inserted 
(by capillary pipette) and then mineral medium is added 
so that the chamber is two-thirds full, whereby the final 
ratio of FeSimedium is 1:10. The chamber is then inocu- 
lated and the fourth side is sealed. Microaerobic condi- 
tions are produced by replacing the air with CO2 or with 
a mixture of 94% N2-5% C02-l% O2. Gallionella growth 
(stalk production) starts immediately after the chamber 
is closed (Hanert, 1974a). 

Procedure for Maintenance of Axenic Cultures of 
Gallionella 

The following procedure has proven useful in maintaining 
pure cultures of Gallionella. 

Thirty-four test tube cultures are set up with the dilu- 
tions 10^“ (4 cultures; inoculum 150,000-300,000 cells), 
10^“ (5 cultures), 10^“ (15 cultures), and 10^“ (10 cultures; 
inoculum 150-300 cells). For this purpose, the cotton- 
plugged test tubes are aseptically filled with 9 ml auto- 



claved mineral medium. Then, 22.8 cm^ of cotton-filtered 
CO2 is bubbled through each tube using a 1-ml pipette 
(length of bubbling approximately 5 s; the pH of the 
medium is now 4.5-4.S). One milliliter of sterile FeS pre- 
cipitate is then slowly added with a pipette. 

Six hours after the addition of FeS, the inoculation 
follows subsequent to dissolving 5-10 ppm bicarbonatic 
Fe(II) in the medium; meanwhile, the tubes are stored in 
jars at 17°C under an atmosphere of 94% N2-5% CO2- 
1 % O2. In preparing the initial suspension for inoculation 
(10° dilution), two colonies with a diameter of 2 mm (or 
one colony with a diameter of 4 mm) are suspended in 
10 ml of sterile medium using a vortex mixer. Dilution 
series and inoculation are repeated as described above. 
The cultures are then incubated in preserving jars at 17°C 
in an atmosphere of 94% N2-5% C02-l% O2. This gas 
mixture can also be used for bubbling through the cul- 
tures (135 cm^ for each test tube). The best Gallionella 
growth is usually at a dilution of 10^“ and is macroscopi- 
cally visible after 3-5 days. Enrichment cultures may be 
obtained in the same manner, using a drop of natural 
Gallionella sediment for inoculation. Cultures are trans- 
ferred every 4 weeks. 

Preservation of Gallionella culture material 
in viable form for at least 13 weeks has been 
reported by Nunley and Krieg (1968) using the 
following procedure. 

Culture Preservation by Freezing (Nunley and Krieg, 
1968) 

The organisms were centrifuged at 3000 x g for 3 minutes, 
resuspended in the fluid portion of fresh Wolfe’s medium 
containing 15% glycerol, and stored in 1-ml quantities in 
a low-temperature cabinet at -80°C. Survival was tested 
by transfer to Wolfe’s medium at weekly intervals; in 
every case, the organisms were viable, forming a distinct 
mat of growth on the submerged ferrous sulfide agar after 
7-10 days. 

Batch Cultures in Erlenmeyer Flasks for 
Physicochemical Studies in the Optimal 
Gallionella Growth Zone 

In order to obtain the described physicochemical growth 
conditions, FeS (100 ml of FeS precipitate or 100 ml of 
1.5% FeS agar) is added to the sterile culture medium (2 
liters) in 2-liter Erlenmeyer flasks (silicon stoppers with 
glass tubes for bubbling) and then bubbled with 94% N2- 
5% C02-l% O2 up to pH 6 (gassing takes approximately 
90 min). Then, pH, O2, and Eh values are checked elec- 
trometrically and the medium is additionally gassed with 
N2 and CO2 to adjust to the required conditions (see 
above). The inoculation is with a suspension containing 
10-15 Gallionella colonies (2 mm in diameter) into 10 ml 
of mineral medium. Gallionella growth becomes macro- 
scopically visible after a lag phase of 4-6 days, during 
which the redox potential of the culture medium is low- 
ered 300-400 mV by the bacteria (Hanert, 1975). 

Fermentor Cultures in Mineral Ferrous Bicarbonate 
Medium 

A clear Fe(HC03)2 medium is made by adding 200 ml of 
FeS precipitate to 10 liters of modified Wolfe’s medium, 
and CO2 is bubbled through for approximately 24 h until 
a Fe(II) concentration of 50 ppm (pH 4.6) is reached. 
After FeS sedimentation, 4.5 liters of the supernatant, 
combined with 4.5 liters of modified Wolfe’s medium 



994 H.H. Hanert 



CHAPTER 14.7 



“without Fe(II),” is filtered into the autoclaved fermentor 
through a membrane -filter apparatus containing coarse 
prefilter (10-pm pore size) followed by a Sartorius mem- 
brane filter (0.2-pm pore size) using a gas mixture of 94% 
N2-5% C02-1% O 2 under 2 atm pressure. This filtration 
results in 9 liters of culture volume with 25 ppm ferrous 
iron. For measurement, control, and eventual readjust- 
ment of the physicochemical conditions with N 2 or CO 2 
gas, the solution is left in the fermentor vessel for 24 h. 
The conditions are so reductive that no autoxidation of 
the ferrous iron occurs (culture temperature, 17°C). Inoc- 
ulation is with 10-15 colonies (4 mm in diameter), sus- 
pended in 10 ml of medium. In contrast to normal 
fermentation cultures, the medium should be only mod- 
erately stirred (25 rpm) and gassed (1 bubble/2 s). 

Gallionella growth becomes macroscopically 
visible after 2 days (white flakes on the walls of 
the vessel; after 5 days, the entire Fe(II) in the 
culture medium has been oxidized. Gallionella 
grows on all the inner surfaces of the culture 
vessel without gradient formation. This proce- 
dure seems suitable for the development of Gal- 
lionella fermentor cultures with a continuous 
flow of culture solution, during which it is partic- 
ularly important to prevent contamination of the 
culture (changing of redox potential during Gal- 
lionella growth; Hanert, 1975). 



Identification 

The characteristic, spirally twisted, stalk struc- 
ture formed by rotation of the apical cell makes 
Gallionella very easy to identify. It is uncertain, 
though, whether the genus consists of one or 
more species. This question has repeatedly been 
discussed at length (Beger and Bringmann, 1953; 
Pringsheim, 1949; van Iterson, 1958; among oth- 
ers). These authors have pointed out — and 
rightly so — that in almost all cases the differen- 
tiation into species has been based only on dif- 
ferences visible under light microscopy in the 
bands of Gallionella collected in nature. 

Studies on quantification of the iron content 
of the bands of pure cultures of Gallionella fer- 
ruginea (Hanert, 1975) have shown that, due to 
additional chemical-physical iron oxidation on 
the surface of the bands, these surfaces may vary 
greatly in morphology. Six stalk types have been 
differentiated. Thus, the differentiation into spe- 
cies on the basis of light-microscopic band differ- 
ences is definitely unreliable. 

The genus is presently differentiated into two 
species, Gallionella ferruginea (stalk consists of 
40 filaments or more) and Gallionella filamenta 
(stalk consists of only 3-8 filaments), based on 
the electron-microscopic band differentiation of 
Balashova (1967a, 1968). But this differentiation 
is only a morphological definition in another 
dimension; it does not exclude the possibility 



that “filamenta” is only an underfed “ferrug- 
inea.” It seems conceivable that the presumption 
of Pringsheim (1949), which we favor, is accu- 
rate — the genus may consist of only a single 
species (Gallionella ferruginea) and all the other 
described species are only ecological growth 
forms of this one. The proof of this presumption 
by the results of additional physiological investi- 
gations would show that this bacterium — unique 
in its physiology and stalk excretion — is not 
nearly as complex as Gallionella literature may 
give the impression. 
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CHAPTER 14.8 

The Genera Caulococcus and Kusnezovia 

JEAN M. SCHMIDT AND GEORGI A. ZAVARZIN 



Perfil’ev and Gabe (1965) observed bacteria of 
the genera Caulococcus and Kusnezovia, along 
with Metallogenium and Siderococcus, as manga- 
nese- and, to a lesser extent, iron-depositing or - 
oxidizing organisms of mud and sandy de-posits. 
The use of capillary devices that permit micro- 
scopic observation (peloscopes) has permitted 
some observations of structure and colonial mor- 
phologies. Their morphologies suggest that these 
organisms might be related to Acholeplasma, 
Metallogenium, or Siderococcus, but lack of 
axenic cultures has prevented thorough study of 
their physiology and composition; understanding 
of the nature of these rather rare bacteria is quite 
meager. 

Habitats 

Caulococcus has been found in samples of mud 
and sandy deposits as observed with microcapil- 
lary techniques (Kutuzova et al., 1972; Perfil’ev 
and Gabe, 1961; Perfil’ev et al., 1965). It was 
originally found in Lake Khepo-Yarvi (Karelian 
Isthmus), “especially in ore deposits,” and was 
“frequently observed in the upper layers of bot- 
tom mud deposits, above the reducing horizon,” 
or in the bottom water (periphyton) over the 
mud (fine mineral or sandy) surface (Perfil’ev et 
al., 1965). 

Kusnezovia was observed, using the peloscope 
technique, only “in mud samples from Lake 
Ukshezero, Karelian ASSR” (Perfil’ev et al., 
1965), and in secondary profiles in zones of man- 
ganese oxidation of mud samples stored in the 
laboratory. 

As described by Perfil’ev and Gabe (1965), in 
capillary peloscope samples from many ore- 
bearing lakes, for all those “with a black-orange 
microzone, the blackish-brown horizon of the 
microzone in the peloscope canals showed a 
mass-development of Metallogenium, rarely 
Caulococcus, and sometimes Kusnezovia, the 
biogenic deposits of which consist mostly of 
manganese oxides.” 



This chapter was taken unchanged from the second edition. 



Isolation 

Neither Caulococcus nor Kusnezovia has been 
isolated in pure culture. Distinctive morpholo- 
gies, particularly those of microcolonies using 
microcapillary techniques, have been used to 
define these two groups (Perfil’ev et al., 1965). 

Organisms could be maintained in the isolated 
samples of mud (Perfil’ev et al., 1965): a sample 
of water (approximately V3) and mud (%) from 
the natural habitat was mixed thoroughly and 
incubated in a 200-ml beaker at room tempera- 
ture for months. Peloscopes were placed across 
the upper 3 cm of the mud. Development of 
manganese- and iron-depositing organisms was 
observed to occur in sharp, horizontal micro- 
zones (a few millimeters in width) in the upper 
layers of mud following the reduction of metal 
oxides in the bottom layers. 

Identification 

In the absence of axenic cultures and informa- 
tion on cultural traits, colonial morphology is 
used, along with the characteristic manganese 
deposition, for tentative recognition of these 
kinds of bacteria. To observe cell morphology, 
Perfil’ev and Gabe (1965) dissolved manganese 
deposits with 0.2-1. 0% oxalic acid, washed them 
with distilled water, and stained them with a car- 
bol solution of gentian violet. All steps were 
monitored with the light microscope. The bacte- 
ria appeared as minute bodies without sharp 
contours and appeared to reproduce by budding. 
They were embedded in a matrix or connected 
with thin filaments. For identification, the origi- 
nal illustrations of Perfil’ev et al. (1965) should 
be consulted. Some other characteristics are 
given in Table 1. 

Colonial morphology is variable. Three sorts 
of microcolony morphologies have been des- 
cribed for Caulococcus manganifer. The most 
commonly observed microcolonies occur as 
dense, irregular clusters, the surfaces of which 
appear ribbed. The central portion of the micro- 
colony is more heavily mineralized than the 
periphery, due to manganese deposition. The 
mineralized colonies are blackish brown in color. 
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Table 1. Characteristics of Caulococcus and Kusnezovia spp. 



Trait 


Caulococcus manganifer 


Kusnezovia polymorpha 


Coccoid cell diameter (pm) 


0.5 


0.5-1.5 


Connecting filament diameter (pm) 


0.1 


0.1-0.2 


Mode of reproduction 


Budding (?) 


Budding (?) 


Motility 


Present 


Not observed 


Gram reaction 


Not reported 


Not reported 


Zoogleal accumulations 


Present 


Not observed 


Oxygen relationship 


Microaerophilic 


Microaerophilic (presumed) 


Occurrence 


Rare, in iron-manganese ore from several 
lakes (Karelian Isthmus, ASSR) 


Extremely rare, found in only 
one lake (Ukshezero, Karelia) 



Occasionally, colonies have radial arms (termed 
“radial lobate” colonies); the rarest colonial 
form in Caulococcus microaccretions is the tri- 
chospherical colony with very fine, radiating 
processes. 

Kusnezovia polymorpha microcolonies (poly- 
morphous cenobia) also occur in a variety of 
forms: filamentous sprouts, open lily-of-the- 
valley leaves, or goblets with a toothed margin, 
with the wider portion of the microcolony point- 
ing downward in the peloscope canals. Candela- 
bra-like and clavate, filamentous cenobia 
structures attached to the peloscope wall, with 
an appearance analogous to Cladonia (a bryo- 
phyte), have also been attributed to Kusnezovia. 
Removal of manganese from these deposits 
revealed the cocci, connected by thread 
(Perfil’ev et al., 1965). 

These organisms will require further attention 
in order to distinguish them from other quite 
similar manganese depositers, such as Metalloge- 
nium. In fact, we strongly suspect that these gen- 
era, particularly Caulococcus, are merely growth 
forms of Metallogenium in a certain habitat. The 



description of Siderococcus (see The Genus 
Siderocapsa (and Other Iron- and Maganese- 
Oxidizing Eubacteria in this Volume) should be 
consulted, since these iron-depositing organisms 
are very probably members of the same group, 
although they are not presently classified as such. 
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CHAPTER 14.9 

The Genus Brachyarcus 

PETER HIRSCH 



Light-microscopic investigation of the microor- 
ganisms in the %polimnion of many lakes shows 
the presence of a highly diverse population of 
bacteria. Here, most of the recognizable forms 
have never been cultured and many of them have 
not even been described morphologically. 
Among these bacteria are rod-shaped organisms 
that are bent in an arc by asymmetric, polar cell 
growth and that frequently assume the shape of 
a pretzel. Cell division in the center and separa- 
tion result in two arcs that face each other. Addi- 
tional cell divisions and the presence of masses 
of polymer lead to even numbers of arcs facing 
each other in a symmetric, mirror-image way 

(Fig. 1). 

Phase-contrast light microscopy, using slides 
coated with water agar to improve resolution, 
reveals the presence of gas vesicles in most of 
these organisms. The wide distribution and often 
the high cell numbers of such arc-shaped bacte- 
ria warrant attempts to cultivate and study them, 
but such attempts have been unsuccessful. Skuja 
(1964) found similar bacteria in a Lappish lake, 
and he described them as Brachyarcus thiophi- 
lus. The species name was used to suggest a pos- 
sible sulfur metabolism, since the cells 
occasionally possessed intracellular structures 
resembling sulfur globules. 

Since Brachyarcus spp. have never been culti- 
vated, not even in enrichments, their possible 
identification presents some problems. In fact, a 
rodlike, arc-shaped cell shape is quite common 
among other bacteria. But the cell arrangement 
after division, the presence of gas vesicles, the 
absence of photosynthetic pigments, and the fre- 
quent observation of these bacteria among other 
“thiophilic” organisms may indeed allow a rec- 
ognition sufficient for a descriptive treatment 
here, as has been done in the eighth edition of 
Ber^ey's Manual of Determinative Bacteriology 
(Hirsch, 1974). 



This chapter was taken unchanged from the second edition. 



Habitats 

The original observations were made by Skuja 
(1964) on a hypolimnion water sample collected 
April, 1953, at a depth of 12-13.5 m in Lake 
Vuolep Njakajaure, Swedish Lappland (408 m 
above sea level). The water sample had a tem- 
perature of 2°C; the lake was ice-covered. 
Together with Brachyarcus thiophilus, large 
numbers of other “thiobiontic” bacteria were 
found, many of which contained sulfur storage 
globules but none of which has ever been cul- 
tured (for nomenclature, see Skuja, 1964), e.g., 
Macromonas hipunctata, M. mohilis, Giganto- 
monas cucullata, G. capitata, Thiovulumspora, 
Hyalobotrys hypolimnicus. Also present in this 
sample were some photosynthetic bacteria 
(Thiocystis violacea, Pelochromatium roseum 
consortium) and sulfate reducers (Microspira 
desulfuricans). 

Similar crescent-shaped organisms have been 
found by other authors (Table 1) in various lakes 
or ponds. Bacteria of such cell arrangement and/ 
or shape were also found in soil (Nikitin, 1971, 
1973; “Renohacter vacuolatum”) or even in rein- 
deer rumen (Tarakanov, 1972). The latter bacte- 
ria were 0.4-0.5 x 1.1-1. 2 pm and occurred in the 
above-described cell-plate arrangements. Their 
shape, however, was more that of a vibrio than 
that of an arc. 



Isolation 

Although isolation has not yet been successful, 
the data on occurrence in Table 1 allow us to 
speculate on possible enrichment techniques. In 
Wintergreen Lake, temperatures in the Brach- 
yarcus layers during the time of observation var- 
ied between 11° and 20°C, with the maximum 
cell density of Brachyarcus spp. at 13°C (depth, 
5 m). In the other sites — as far as data are avail- 
able — temperatures ranged from 5° to 12.5°C. 
These observations indicate that Brachyarcus is 
psychrophilic. 
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In all cases observed, the organism occurred 
under anaerobic conditions. A pH of 7.5 and a 
phosphate concentration below 2.56 mg/liter 
would be additional parameters. No information 
is available on the carbon nutrition, although one 
could guess that Brachyarcus (being nonphoto- 
synthetic) would have a chemoorganotrophic 
metabolism. Their presence in strata that contain 
methane (Wintergreen Lake) or reducible sul- 




Fig. 1. Arc-shaped cell families of a Brachyarcus sp. from 
Wintergreen Lake (Michigan), collected from 4 m. Magnifi- 
cation X 1,280. 



fate (Lake Vuolep Njakajaure) points to pre- 
ference for a low redox potential in the 
environment. Storage of intracellular sulfur 
globules indicates participation in the sulfate 
reduction or sulfide oxidation processes. 

Identification 

Brachyarcus Skuja 1964, 19, is a genus of color- 
less rod-shaped bacteria of approximately 1.0 x 
1. 5-2.5 jam that usually contain few to many gas 
vesicles (Fig. 1). Occasionally, globules resem- 
bling sulfur were observed by Skuja (1964), but 
these have not been reported by other authors 
nor have they been seen by this author. The cells 
are bent like a bow or arc, almost to a circle or 
even a pretzel shape. Upon division, a 3-shape is 
initially assumed until two semi-circles lie oppo- 
site each other, embedded in a thick polymer 
capsule with diffuse edges (Fig. 1). Families of 
two to 16 synchronously dividing cells are com- 
mon; they often form cell plates, which may be 
free floating or grow attached to a surface. Three- 
dimensional, free-floating families of polymer- 
embedded cells of up to 100-|dm family size or 
larger have been observed. The type species is 
Brachyarcus thiophilus Skuja 1964, 20, so named 
for the “thiophilic” environment in which it has 
been found. 



Table 1. Occurrence of Brachyarcus-Y[k& bacteria. 



Location 


Date 


Depth 

(m) 


Temperature 

(°C) 


Remarks 


Reference 


Lake Vuolep, 


April 1953 


12-13.5 


2 




Skuja, 1964 


Njakajaure 

(Lappland) 


Burke Lake 
(Michigan) 


23 Aug. 1972 


9 


6 


Anaerobic; sulfide -i- 


Caldwell and Tiedje, 
1975 


Cassidy Lake 


1 Aug. 1968 


7 


8.5 


Anaerobic; sulfide -i- 


P. Hirsch, unpubl. 


(Michigan) 


11 Aug. 1970 


7 


7.6 


Anaerobic; sulfide -i-; pH, 7.12 


P. Hirsch, unpubl. 


Knaack Lake 


14 May 1975 


17.5 


5 


Anaerobic 


P. Hirsch, unpubl. 


(Wisconsin) 


Wintergreen Lake 


23 July 1970 


4 


16.5 


O 2 , 0.22 mg/liter; pH, 7.74 


P. Hirsch, unpubl. 


(Michigan) 


22 July 1975 


3.5-6.0 


20-11 


Anaerobic; pH, 7.8-7.3; 
DOC, 9-7 mg/liter; POC, 
2-5 mg/liter; methane, 
60-320 pM/liter x 10“^; 
POA, 0.23-2.56 mg/liter; 
max. distribution at 5 m 
{= 13°C) 


P. Hirsch, unpubl. 
(M. Klug, R. 
Wetzel, unpubl.) 


Lake Blunkersee 


16 Sept. 1975 


8 


12.5 


Anaerobic; sulfide - 1 - 


P. Hirsch, unpubl. 


(Holstein) 


Lake PluBsee 


17 June 1967 


27 


5.5 


Anaerobic 


P. Hirsch, unpubl. 


(Holstein) 


Forest Pond, Augusta 


15 Oct. 1968 


0.25-0.51 


15.5 


Anaerobic; sulfide (- 1 -) 


P. Hirsch, unpubl. 


(Michigan) 


17 Nov. 1968 


0.55-0.65 


6 


Anaerobic; sulfide - 1 - 


P. Hirsch, unpubl. 


Arco Lake 
(Minnesota) 


Sept. 1972 
May, June 1973 


6.5-9 

6.5-9 




Anaerobic ? 


Walsby, 1974 
Walsby, 1974 
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Identification is still largely on the basis of 
morphology. Cells or cell aggregates of similar 
shape are formed by the purple bacterium, 
Rhodocyclus (Rhodospirillaceae), or by the 
green bacteria, Chlorohium vihrioforme and 
Pelodictyon luteolum (Gorlenko, Dubinina, and 
Kuznetsov, 1977; Pfennig, 1978). The former two 
bacteria lack gas vesicles while P. luteolum does 
contain them. Since Brachyarcus has been 
described (Skuja, 1964) and has subsequently 
been found to be colorless (see Table 1), differ- 
entiation from these photosynthetic bacteria 
should be possible. 

Morphological similarity with a colorless, gas- 
vacuolated soil bacterium called Renohacter vac- 
uolatum (Nikitin, 1971, 448; 1973) also holds true 
for the size (0.7-1.0 x 1.6-1. 8 jam). However, this 
bacterium appears to grow out, before cell divi- 
sion, to an S-shape rather than a 3-shape or pret- 
zel. Similarity also exists with Microcyclus spp. 
Electron micrographs of the nonvacuolated 
Microcyclus marinus (Raj, 1977) or the gas- 
vacuolated strains of M. aquaticus (Van Ert and 
Staley, 1971) show cells that appear to be more 
vibrioid; in pure culture, the characteristic 
orderly arrangement in symmetric cell plates, as 
seen in Brachyarcus (in nature), is not seen in the 
genus Microcyclus. Furthermore, both of the M. 
aquaticus strains that were studied in greater 
detail had temperature optima of 37° and 30°C, 
respectively, and neither strain grew anaerobi- 
cally. Brachyarcus thiophilus can be expected to 
be an anaerobic psychrophile. 
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CHAPTER 14.10 

The Genus Pelosigma 

PETER HIRSCH 



The Danish scientist E. Warming observed, dur- 
ing a walk along Kallebo Beach in 1874, a red- 
dish discoloration of mud and decaying algae. 
His microscopic investigation of a sample started 
the now-famous study of “bacteria living on 
Denmark’s coasts” (Warming, 1875). One of the 
organisms he found in “stinking mud at the 
height of decay” at several locations was a highly 
unusual, flat and striated, motile “bacterium” 
(which he called Spiromonas cohnii) that resem- 
bled a flagellate Spiromonas previously de- 
scribed from Switzerland. Although Warming 
himself was not quite sure of what he saw, his 
drawings are remarkably accurate illustrations of 
bacteria that can still be found in hypolimnia and 
on anaerobic sediment surfaces. 

About 40 years later, these organisms were 
observed again and described as the bacterial 
genus Pelosigma (Lauterborn, 1913, 1915). Lau- 
terborn clearly stated that a bacterium could not 
belong to a flagellate genus, but otherwise his 
observations confirmed the findings of Warming. 
Another 40 years later, a study on Swedish lakes 
revealed Pelosigma organisms in many different 
locations (Skuja, 1956). But now the old theory 
that this organism was a flagellate — at least in 
part — was revived. Skuja was convinced that he 
had found another example of a flagellate/ 
bacterium symbiosis, and he produced detailed 
drawings of various stages of such consortia. 
Nevertheless, the genus name Pelosigma was 
retained for the consortium for both the flagel- 
late and the bacterium organisms. 

Detailed microscopic investigations of aquatic 
microorganisms and the study of several lakes 
and ponds in the United States and northern 
Germany revealed the presence of Pelosigma 
spp. in many locations, often in large numbers (P. 
Hirsch, unpublished observation). These studies 
allowed a preliminary description and interpre- 
tation for the eight edition of Ber gey’s Manual of 
Determinative Bacteriology (Hirsch, 1974). Since 
then, many additional samples have been found 
to contain Pelosigma spp., and evidence is 
mounting that these are, indeed, bacteria living 
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in sigmoid, bundle-shaped aggregates just as 
originally drawn by Warming (1875) and 
described by Lauterborn (1913, 1915). Unfortu- 
nately, all attempts to cultivate these organisms 
so far have failed. Suggestions for enrichment 
cultures can be made, however, on the basis of 
the observed occurrence. 



Habitats 

The original description (Warming, 1875) does 
not contain many details on the natural habitat. 
It is not even clear whether Spiromonas (= 
Pelosigma) cohnii was found in mud of salt 
water, brackish water, or fresh water. However, 
the location “Limfjord” suggests brackish water, 
and the purpose of the article by Warming was 
to describe bacteria living at the coasts. Warming 
listed four locations for S. cohnii and stressed its 
occurrence in mud that was most active in the 
decaying process. He stated also that S. cohnii, 
like other bacteria discussed later in his paper, 
did not contain granules such as those of the 
organism now known as Chromatium okenii. 
His description of these granules makes it quite 
likely that he meant sulfur globules. Although 
obviously an anaerobe, S. cohnii thus did live in 
a sulfide-rich environment but did not store ele- 
mentary sulfur. 

The habitat of Pelosigma (= Spiromonas) 
palustre (Lauterborn, 1913) was likewise poorly 
described: fresh water; in the decaying sediment 
especially in ponds with characean algae. 

The observations of Skuja (1956) could be 
added to the habitat description, if one accepts 
the interpretation that his Pelosigma organisms 
indeed were identical with those seen by Warm- 
ing and Lauterborn. Skuja found Pelosigma spp. 
in Swedish lakes (Honsan, Lushavet, Munk- 
bosjon, Tjarnatjarn), usually at depths ranging 
from 10 to 14 m. Although he did not describe 
these environments chemically or physically, 
some information can be obtained from the list 
of accompanying bacteria. Skuja mentioned 
Peloploca spp. (P. pulchra, P fib rata, P taeniata), 
Macromonas mobilis, Achroonema sp.. 
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Table 1. Occurrence and morphological characteristics of Pelosigma spp. and some data on their environment. 
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Lake PluBsee 


June 1967 


27 


20.3 


ND" 


4 + 4 


ND 


1 


T = 5.5°C; Oj)-) 


(Holstein) 




29 


19.0 


ND 


4 + 3 


0.31 
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T = 5°C; OjC-) 






30 


19.0 


ND 


12;6;8;4 


ND 
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T = 5°C; Oj)-); 


















very numerous 






31 


19.0 


ND 


4 + 2 


ND 


0 


T = 5°C; 02(-) 


Little Lake 


May 1975 


12 


19.5 


ND 


3 + 4 


ND 


1 


T = 4°C; Oj)-); 


(Wisconsin) 
















actively motile 


Wintergreen 


Aug. 1970 


4.5 


29.7 


10.2 


Numerous 


0.23 


0 


02 (-) 


Lake 




4.5 


19.5 


5.1 


4 + 4 (+4) 


ND 


0 


02 (-) 


Michigan 


July 1975 


4.0 


18.7 


ND 


4 + 4 


ND 


0 


T = 19°C; 02(-); 


















pH = 7.65; 
S"-+; CH 4 + 






5.5 


19.3 


ND 


4 + 4 + 4 


ND 


0 


T = 10.5°C; 02(-); 


















pH = 7.25; 
S"-+; CH 4 + 






6.0 


19.5 


ND 


4 + 4 


ND 


0 


T = 10°C; 02 (-); S^"+; CH 4 + 


Forest Pond 


July 1968 


0.7 


19.6 


10.1 


3 + 8 


ND 


0 


T = 17.5°C; 02(-); S"-(+) 



(Michigan) 

^Not determined. 

Data from P. Hirsch, unpublished observations. 



Pelonema tenue, Achromatium oxaliferum, 
Gigantomonas cucullata, Ochrohium tectum, 
Beggiatoa arachnoidea, Leukohium maior, Pelo- 
chromatium roseum, and Thiocystis violace 
(nomenclature sensu Skuja, 1956). These bacte- 
ria are generally known to be anaerobic or 
microaerophilic, hypolimnetic organisms, many 
of which are found in sulfide-rich environments. 
Thus, we can expect the presence of low sulfide 
concentrations in an otherwise mostly anaerobic 
and dark environment. 

More information comes from recent observa- 
tions on Pelosigma habitats (Table 1; P. Hirsch, 
unpublished). The presence of Pelosigma spp. 
appears to be correlated with anaerobic condi- 
tions and, generally, temperatures below 11 °C. 
Like Brachy arcus spp., often found in the same 
location, Pelosigma spp. can be expected to be 
psychrophilic. It should be pointed out, however, 
that Pelosigma spp. have been found occasion- 
ally at higher temperatures. 

The presence, in Wintergreen Lake (Michi- 
gan), of sulfide together with measurable 
concentrations of dissolved methane during 
Pelosigma occurrence points to a need of these 
organisms for a low redox potential. 

Isolation 

From the data given by Warming (1875), by Lau- 
terborn (1915), by Skuja (1956), and in Table 1, 
an enrichment procedure could be conceived. It 
would consist of inoculating an anaerobic 



medium of pH 7.5 that contains organic matter 
(such as organic acids, amino acids, etc.), a mixed 
vitamin solution and, perhaps, a low concentra- 
tion of sulfide (lO "^ M or less). The sample for 
inoculation should be drawn anaerobically, and 
it should be kept at temperatures below 10°C. 
Incubation would be in the dark at 5-10°C. 



Identification 

All Pelosigma spp. observed were more or less 
flat, band-shaped aggregates of slender, long, 
and S-shaped bacterial rods. The aggregates 
appear to be formed preferentially by four cells 
or by multiples of four. At least one end of the 
aggregates appears to be more pointed. If a 
flagellar structure is present, it is located at 
the more pointed end. The overall length of the 
aggregates (9-25'30' pm) is not the length of the 
individual, component rod, since uneven elonga- 
tion and cross-division occur. The maximum 
width of aggregates is 5-11 pm and depends on 
the number of rods in the aggregate (Fig. 1). 

At present, there are two species recognized 
(Hirsch, 1974): Pelosigma cohnii (Warming) 
Lauterborn 1913, 100 (synonym: Spiromonas 
cohnii Warming 1875, 370) and P palustre 
Lauterborn 1915, 418. Both species show great 
morphological similarity but differ in size. 
Aggregates of P. cohnii are 1.2-4 pm wide and 
9-20 pm long, while those of P. palustre are 8- 
10 pm wide and 20-25 pm long. The aggregates 
of P. cohnii are usually pointed at both ends 
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Fig. 1. A mixed bacterial flora with Pelosigma palustre cell aggregates from Wintergreen Lake (Michigan), collected from 
4.5 m on 5 August 1970. x 1,280. 



(and often flagellated on both ends), they are 
actively motile, and the individual cells measure 
approximately 0.4 pm in diameter (from the 
drawings of Warming, 1875). The aggregates of 
R palustre normally show only one pointed end; 
they are much less actively motile, and flagella 
have not been seen. They occur in freshwater 
habitats. 

The Pelosigma aggregates found by Skuja 
(1956) were thought to surround a colorless 
flagellate which multiplied by longitudinal 
flssion. One to eight (usually four) colorless, S- 
shaped rods were kept by the flagellate “subpel- 
licularly” with the ends sometimes sticking out. 
The aggregate (consortium) of bacteria and 
flagellate was described as ‘'Pelosigma cohnir; 
the overall sizes were 1-7 x 11-27 pm. The bac- 
terial component was 0.3-0.4 x 7-15 (20) pm in 
size, colorless, without any granules, and some- 
times yellowish pigmented. Cross-division was 
not synchronous with the longitudinal fission of 
the monad. The consortium did not have two 
flagella; the aggregates seen by Warming were 
likewise not supposed to have front and rear 
flagella — despite the fact that Warming (1875) 



mentions these and has actually drawn three 
double-flagellated aggregates (Table VII, Fig. 4a, 
4c by Warming). The consortium was thought 
to be “oligothiophilic” and possibly involved 
in the decomposition of cellulose and/or 
hemicelluloses. 

The aggregates described in Table 1 (Fig. 1) 
were, in general, 19.5 pm long and either 5-6 or 
10-11 pm wide; thus, they resembled P palustre. 
One sample (Wintergreen Lake, 4.5 m, August 
1970) had much larger aggregates with thinner 
cells. None of the numerous aggregates seen 
contained anything that could have resembled 
a flagellate. Only two cases of flagellation and 
motility were seen; in both cases, the flagellum 
had the appearance of bacterial flagella, with a 
permanent, constant wavelength. Therefore, the 
author believes that such visible flagella consti- 
tute tufts of several prokaryotic flagella, attached 
polarly to each individual bacterium and com- 
bined to form the visible structure. Another 
argument against a eukaryotic flagellum would 
be the absence of two flagella from the “divid- 
ing” cell pole (as would be formed during 
longitudinal fission of a eukaryotic flagellate). 
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Instead, the one “flagellum” (tuft) is located on 
the nondividing cell pole. Occasional bipolar 
flagellation (as has been observed by Warming) 
would be expected to occur in polarly flagellated 
bacteria. The transparent area in between the 
aggregate’s bacteria is probably fllled with an 
extracellular, common polymer. It is also possi- 
ble that there exist, in nature, Pelosigma-like 
consortia of S-shaped bacteria with colorless 
flagellates. Only observation of laboratory cul- 
tures and directly embedded and sectioned nat- 
ural material could solve this problem. For the 
time being, it may be advisable to restrict the 
name Pelosigma to the bacteria that are agreed 
upon by all observers. 
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CHAPTER 14.11 

The Genus Siderocapsa (and Other Iron- and 
Manganese-Oxidizing Eubacteria) 

HANS H. HANERT 



This chapter discusses those species of Sidero- 
capsa and members of the family Siderocap- 
saceae (Pribram, 1929) whose morphology, 
ecology, and, to some extent, culture physiology 
have been so exactly described that, in spite of 
disagreement concerning their taxonomic posi- 
tion, there can be no doubt of their existence and 
great ecological significance. The discussion con- 
centrates on such existing and ecologically signif- 
icant representatives of this family in order to 
preserve the practical orientation of this Hand- 
book. Information on many genera and species 
whose position is uncertain has been drawn 
together in Bergey’s Manual of Determinative 
Bacteriology, eighth edition (Buchanan and Gib- 
bons, 1974; contributor G. A. Zavarzin) and sev- 
enth edition (Breed et al., 1957; contributor R. 
S. Breed in cooperation with H. Beger) and by 
Dorff (1934). A comparison of the genera and 
species treated in these references provides a 
bird’s-eye view of this entire group of organisms. 

The family Siderocapsaceae is defined as uni- 
cellular, nonfilamentous or nonstalkforming, 
iron and/or manganese bacteria that are able to 
deposit these metal oxides under natural condi- 
tions, on or in capsules or on extracellular 
mucoid material excreted by these bacteria. This 
definition is taxonomically rather imperfect, but 
for practical purposes it is quite adequate. That 
the validity of this family, in particular of the 
species of the genus Siderocapsa, has often been 
questioned is to be ascribed exclusively to the 
present taxonomic inadequacy of the definition. 
Such questions have been raised most recently 
by Dubinina and Zhdanov (1975); but a final 
clarification of the taxonomic question will not 
be possible until the complete developmental 
cycle of these bacteria in their natural habitat has 
been clearly described. Culture experiments are 
doubtless very helpful here, but they cannot pro- 
vide a final clarification of the taxonomic ques- 
tion as long as the natural development of the 
organisms remains unknown. 
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Merely because there have been controversial 
questions of taxonomy it does not follow that 
these bacteria do not exist. Their existence and 
great ecological significance have become firmly 
established in the last decades through the 
discovery of their mass development in the 
hypolimnion of many lakes. 

Habitats 

Occurrence and Natural Mass Development 

Siderocapsaceae are widely distributed in nature 
(see Table 1). They are found in all habitats 
which contain iron and manganese. They were 
first found in meadow and swamp ditches and 
mesosaprobic flowing streams, as well as in stag- 
nant waters (Dorff, 1934; Drake, 1965; Galinsky 
and Hanert, 1979a; Hardman and Henrici, 1939; 
Molisch, 1910; Naumann, 1921). The organisms 
occur in these habitats as epiphytes on sub- 
merged water plants or on growths of exposed 
slides, or they are free-living and neustonic in 
metallic, glossy, iron oxide films on the water. A 
second important source of these organisms is 
deep wells, pipes, and waterworks, as described 
by Beger (1949) and by Hasselbarth and 
Ludemann (1967). Greatest development of Sid- 
erocapsaceae has been found in the hypolimnion 
of lakes, often near growths of Metallogenium. 
At present, five species of the genus 
Siderocapsa (see Table 1) have been shown to 
be planktonic, not sessile, and so are not suscep- 
tible to slide growth (Kalbe, 1965; Redinger, 
1931; Skuja, 1948, 1956; Wawrik, 1956). 

The occurrence of Siderocapsaceae is not lim- 
ited to typical freshwater habitats. As the inves- 
tigations by Ten (1967, 1968, 1969) have shown, 
the family Siderocapsaceae (Naumanniella 
polymorpha) occurs in brown forest soils and 
iron-manganese crusts on soil-forming rocks as 
well. A marine Siderocapsa has been found in the 
iron bay of Palaea Kameni in Santorini, Greece 
(Hanert, 1981). 

In all habitats, the most characteristic fea- 
ture of Siderocapsa is its capacity to form 
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large masses of iron and/or manganese oxide. 
This mass development of Siderocapsaceae, 
like that of the classical stalk- and threadform- 
ing iron bacteria, is often visible to the naked 
eye. Such readily visible deposits usually 
develop during vernal and autumnal circula- 
tion or during vernal thaw in alpine lakes and 
pools; deposits have been reported from all 
planktonic lake Siderocapsaceae, as well as 
from some epiphytic Siderocapsa species 
(Sokolova, 1959). A yearly cycle of Siderocap- 
saceae development with vernal and autumnal 
maxima in swamp ditches has been demon- 
strated and quantified for Siderocystis vulgaris 
(Galinsky and Hanert, 1979b). Detailed 
measurements which give some impression of 
Siderocapsaceae mass development in nature 
were taken by Dubinina, Gorlenko, and 
Suleimanov (1973) in the meromictic lake 
Gek-Gel’, using the membrane-filter method 
(filters stained with erythrosine and treated 
with potassium ferricyanide and hydrochloric 
acid). These determinations counted up to 
60,000 cells/ml at a depth of 27-29.5 m in the 
zone of massive development of Siderocapsa 
eusphaera (distinct narrow zone below Metal- 
logenium growth zone) and also demonstrated 
the gradient growth of this organism (see also 
Sorokin, 1968). 

Aspects of Siderocapsaceae Physiology 
Deduced from Environmental Variables 

The old idea that Siderocapsaceae are aerobic 
iron bacteria arose from their initial discovery 
in epiphytic, neustonic, and surface film habi- 
tats. More recent discoveries of Siderocap- 
saceae in deep wells, and especially in the 
hypolimnion of lakes, have forced the revision 
of this idea. Siderocapsa treuhii, Siderocapsa 
major, and Siderocapsa monoica (which are 
probably only growth forms of one species — 
Drake, 1965; Hardman and Henrici, 1939) as 
well as Siderocystis vulgaris, Siderocystis con- 
fervarum, Naumanniella neustonica, and possi- 
bly Siderocapsa anulata (see Table 1) appear 
to be the only markedly aerobic species. All 
the other Siderocapsaceae {Siderococcus limo- 
niticus, Naumanniella polymorpha, and the 
lake Siderocapsa species) tend to be 
microaerophilic. The oxygen content of the 
mass growth zone in lakes is at the level 
where oxygen disappears (narrow water layer 
at the chemocline: O 2 < 1 ppm, rH 2 < 19, Fe^^ 
1-2 ppm, Mn^^ 1-5 ppm; Dubinina, Gorlenko, 
and Suleimanov, 1973). These natural mass 
growth conditions established for Siderocapsa 
eusphaera are very similar to those for Sidero- 
capsa geminata (Schmidt, 1976), which also 
grows under extremely microaerobic condi- 



tions (see later. Fig. 2a-f). Generalizing, and 
including the macroscopic observations con- 
cerning the onset of a mass development of 
lake Siderocapsa described by the first observ- 
ers (see Table 1), it seems that optimal Sidero- 
capsaceae growth takes place at the beginning 
of a change from extremely reduced to oxi- 
dized conditions in a neutral-to-light alkaline 
environment. 

A more essential difference between classical 
stalk- or threadforming bacteria and capsular 
iron bacteria appears to be the latter’s obvious 
growth dependence on organic material. It 
appears to be no accident that Siderocapsaceae 
have not yet been found in iron springs or min- 
eral water very poor in organic substances 
(with the exception of certain results concern- 
ing very unsure forms obtained by Beger, 
1949). From this standpoint, classifying Sidero- 
capsaceae as a chemolithotrophic bacterial 
group (Buchanan and Gibbons, 1974) appears 
less justified and a physiologically indetermi- 
nate classification would correspond better to 
the facts and would avoid invalid inferences. 
Until now, only Naumanniella olymorpha culti- 
vated by Ten (1968, 1969) in Beijerinck’s 
MnCOs medium appeared to have a certain 
probable capacity for mixotrophic growth by 
manganese oxidation. 

For the other capsular iron or manganese 
bacteria, the natural conditions of the habitat 
suggest that the highest probability is organ- 
otrophic nutrition, possibly of the sort first 
postulated by Aschan (1907) (utilizing the 
organic portion of iron humates or other iron 
organic substances and precipitating ferric 
iron in or on the capsules). 



Isolation 

Enrichment 

Table 2 lists suitable enrichment procedures 
for Siderocapsaceae. In particular, the proce- 
dures with natural water are extraordinarily 
simple, straightforward, and characteristic for 
the speedy enrichment of iron bacteria in gen- 
eral. In habitat-water samples maintained in 
cold storage or at room temperature without 
any stirring, a rapid growth of iron bacteria 
begins within a few days (often overnight). 
The growth can be recognized mostly by the 
formation of yellow to black-brown (iron and/ 
or manganese oxides) floes which sediment 
slowly. The Siderocapsaceae in general are no 
exception; nor, for example, is Siderocapsa 
geminata, observed in the hypolimnion of the 
“Plupsee” (Plon, Germany) and investigated 
by Schmidt (1976), among others. Our own 
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Table 2. Procedures for Siderocapsaceae enrichment in natural waters and synthetic media. 

A. Procedures using natural waters; 

1. Maintenance of sample flasks (totally or % filled) at 4°C and room 
temperature without any stirring. 

Flask size: up to 1 liter. 

Modifications: addition of 1 mg MnCOs/liter or 1 mg FeCOs/liter. 

2. Test tubes filled with sample water underlayed by 1 ml natural sediment. 

Modification as above. 

3. 30- to 40-liter aquarium cultures adding 0.07 g yeast extract/liter and 1 mg 
FeCOs/liter or 1 mg MnCOs/liter (divided in 5 portions added in intervals 
of 2 days). 

B. Procedures with synthetic liquid media (frequently used with 0.1% agar): 

1. Yeast extract-MnS 04 medium; Pringsheim (1949) — medium in 
modification of Tyler and Marshall (1967) and application according to 
Dubinina and Zhdanov (1975). 

Composition (%): yeast extract, 0.005; MnS 04 , 0.002; distilled water, 1 
liter — in place of manganese, to the bottom of the test tubes iron 
oxalate or ferrous sulfide were added. 

2. Peptone-MnCOs medium; manganese-peptone media have been 
frequently used, see Schweisfurth, 1972. 

Composition according to Schmidt (1976) with addition of glucose (%): Growth usually within 2-3 days 

peptone, 0.00002; MnCOs, 0.00002; glucose, 0.00002; distilled water, 1 

liter. 

3. Yeast and beef extract-manganese-iron medium (according to Mulder 
and van Veen, 1963). 

Composition (%): MnCOs, 0.2; (NH 4 ) 2 Fe(S 04)2 • 6 H 2 O, 0.015; Difco 
yeast extract, 0.0075; beef extract, 0.1; cyanocobalamin, 0.005 mg/liter; 

Na-citrate-2-hydrate, 0.015; distilled water, 1 liter. 

4. Starch-MnCOa medium (Zavarzin, 1964 — medium modified according to 
Dubinina, 1970). Composition (%): starch, 0.1; MnCOs, 0.5 (freshly 
prepared); distilled water, 1 liter. 

C. Procedures with solid media for isolation: 

Media as B 1-4 with 1-1.5% agar in petri dishes 



Growth within 2 days; iron and/or 
manganese oxidation within 7 days 



Procedure suitability and incubation time: 



These procedures with natural waters seem 
suitable for the majority of all known 
Siderocapsaceae 

Incubation time: up to 3 weeks 



samples from the same site behaved in the same 
way and led within a week to an intensive devel- 
opment of Siderocapsa geminata in the sample 
flasks. 

A second suitable enrichment method 
involves the use of 30- to 40-liter aquaria cultures 
with habitat water after the addition of 0.007% 
yeast extract and 0.0001% FeCOa or MnCOs. At 
first, within 2 days after the culture start and 
before the addition of yeast extract and FeCOs, 
thread-forming bacteria develop. Then, 7 days 
after the addition of FeCOs and yeast extract and 
the start of desulfurication, an intensive develop- 
ment of Siderocapsaceae takes place at the end 
of the desulfurication phase. The Siderocap- 
saceae form an ochreous layer, 2-3 mm thick, on 
the water surface. This method makes enrich- 
ment possible by more closely simulating natural 
conditions, particularly with Siderocapsa treubii 
and Naumanniella neustonica, which both form 
dense nests of bacterial cells. The first enrich- 
ment of a Siderocapsa strain, as carried out by 
the discoverer of this organism group, is funda- 
mentally similar; Siderocapsa treubii was culti- 
vated as an epiphytic growth on water plants in 
aquaria with the addition of 0.1% MnCb 



(Molisch, 1910). Test tubes with sample water 
underlayed with natural sample mud were suc- 
cessfully used for the enrichment of Siderococcus 
limoniticus and showed growth 3-4 days after the 
beginning of the culture (Dorff, 1934). The 
enrichment of Siderocystis confervarum, an 
organism which grows in direct contact with fil- 
amentous algae, also uses natural sample water. 

In Table 2, section B, four synthetic media are 
presented which have proven to be particularly 
suitable for cultivating Siderocapsaceae. Yeast 
extract is particularly suitable as an organic car- 
bon and nitrogen substrate, as is pep-tone and 
beef extract in weak concentration; iron and 
manganese are best given as carbonate or sul- 
fate salts. On the basis of the presently available 
facts, in particular the culture experiments by 
Dubinina and Zhdanov (1975) and Schmidt 
(1976), as well as indications from the older 
literature (summarized by Schweisfurth, 1972), 
Siderocapsaceae can be regarded as organisms 
that grow well in weak concentrations of 
organic media, when cultivated in a neutral 
environment under aerobic to microaerobic 
conditions. Growth without oxygen appears to 
be impossible. Table 3 provides a bird’s-eye 
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Table 3. Enriched or presumably isolated Siderocapsaceae. 

Organism Enrichment or isolation procedure' 



Siderocapsa 
S. treubii 



S. eusphaera 

S. geminata 
Naumanniella 
N. neustonica 

N. polymorpha 



Ferribacterium 
F duplex 

Siderocystis 
S. vulgaris 

S. confervarum 

Siderococcus 
S. limoniticus 

S. communis 



Enriched: method A3 (Moldau-water resp. tap water + 0.1% MnCb as epiphytic growth; Molisch, 1910). 

Enriched: method A3 (swamp-ditch water + 0.007% yeast extract + 0.0001% FeCOs; growing as neustic 
form in the water surface layer). 

Enriched: method Bl; presumably isolated: on medium B1 with 1% agar by Dubinina and Zhdanov 
(1975). 

Enriched: method Al; presumably isolated: on media Bl-4 by Schmidt (1976). 

Enriched: method A3 (swamp-ditch water + 0.007% yeast extract + 0.0001% FeC 02 ; growing as neustic 
form in the water surface layer). 

Presumably isolated: on Beijerinck’s medium 

(K2HPO4, 0.05%; NH4CI, 0.05%; MnCOs or Mn(HC03)2, 1%; agar, 2%); further on Aristovskaya’s (1965) 
medium (ulminofulvate complex) and on iron ammonium salt of citric acid by Ten (1968, 1969). 

Enriched: modified method A2 underlayed with peat and iron bars, Brussoff (1916); presumably isolated: 
in iron ammonium citrate medium, Brussoff (1916). 

Enriched: method Al in 3-liter Erlenmeyer flasks V 4 filled with swamp-ditch water; growing as rust-spot 
ongrowth on the flask walls at room temperature, H. H. Hanert (unpublished observations). 

Enriched: method Al in 100-ml flasks fllled to the top with swamp-ditch water and some algae threads, 
cultivated at room temperature and near a window (daylight). 

Enriched: method A2, coupled with slide and capillary ongrowth, Dorff, 1934; Zavarzin, 1972; Kutuzova, 
1974. 

Enriched: in ferrous ammonium citrate, Dorff, 1934. 



'See Table 2 for methods. 



view of all Siderocapsaceae that have been 
enriched so far. 

Isolation 

The isolation of Siderocapsaceae is much more a 
problem of identification than the application of 
particular isolation techniques. As Dubinina and 
her co-workers indicated for Siderocapsa eus- 
phaera (1973, 1975), Schmidt for Siderocapsa 
geminata (1976), and Ten for Naumanniella poly- 
morpha (1968, 1969), pure cultures of these 
organisms could be conventionally produced 
without difficulty in liquid and solid media, using 
serial solution or plating techniques, respectively 
(Table 3). 

The main problem in isolating Siderocap- 
saceae is the question of relating the isolated 
organism with the Siderocapsaceae organism of 
the inoculated material from the natural envi- 
ronment. The isolated strains of Naumanniella 
polymorpha, Siderocapsa eusphaera, and Sidero- 
capsa geminata show — as described by the 
authors — an extreme polymorphism and a quite 
complex cycle of development, whereas it has 
not yet been possible to demonstrate corre- 
sponding changes directly in the natural environ- 
ment immediately from an individual object. 
This is one of the reasons why the task of iden- 
tifying Siderocapsaceae has such crucial impor- 
tance at the moment and why isolation work 
cannot lead to really secure results so long as 



the individual developmental cycle remains 
unexplained. 

Identification 

Initial Identification 

Siderocapsaceae are defined purely morpholog- 
ically, without physiological features, and the 
morphological definition provided by the people 
who first described them refers to their morphol- 
ogy in their natural environment or in habitat 
water cultures. This fact is the starting point from 
which all identification work has to proceed. The 
second important point to make is that the first 
morphological descriptions of the organisms 
corresponded to the then present state of micro- 
scopic technology; the descriptions used only 
light-microscopic photographs or drawings and 
the natural ultramorphology and ultrastructure 
remained unknown. Siderocapsa anulata is the 
only Siderocapsaceae which, at the time of its 
discovery, was described by means of an electron 
microscope (Kalbe et al., 1965) so that a clear 
picture of its morphology was produced which 
was completely adequate for purposes of 
identification. 

The description which defines the morphology 
of the Siderocapsaceae contains three compo- 
nents: the bacterial cell, the capsule or excreted 
gelatinous material, and iron and/or manganese 
compounds deposited in or on the excreted 
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material. The capacity to form capsule-like mate- 
rial has been recently shown for Siderococcus 
limoniticus (Kutuzova, 1974), which had previ- 
ously been regarded as a non-capsule-forming 
Siderocapsaceae, so that this component appears 
to be common to all Siderocapsaceae. For the 
identification of Siderocapsaceae, the analysis of 
natural ultramorphology of these three compo- 
nents is of crucial importance, and thus, in virtue 
of new ideas concerning the pleomorphic devel- 
opment of these organisms, the analysis of the 
individual natural development must be added 
as a further new component. 

Identification by Analysis of the Natural 
Ultramorphology and Development 

The methods that are indispensable for a clear 
identification, which must be carried out with all 
Siderocapsaceae whose existence has been made 
certain by repeated finds, and ecological descrip- 



tions are summarized in Table 4. They relate to 
the visualization of the bacterial cell, the differ- 
entiation of cell and capsule or slime material, 
the ultramorphology of the capsular material, 
the specific evidence for the presence of iron and 
manganese, the ultramorphology of the iron 
deposits, and the analysis of the individual devel- 
opment under natural conditions. 

Light Microscopy, Staining, and Differen- 
tiation OF THE Bacterial Cell. In phase con- 
trast microscopy, the central cells can only be 
distinguished from the surrounding capsule 
which contains metal oxide by their differing 
light reflection. This appearance can also be cre- 
ated by the shape of the capsule, and cell and 
capsule staining are indispensable. Carbolfuch- 
sin and fluorescence staining have been found 
suitable for cell staining. Erythrosine staining 
has been applied just as successfully by other 
authors. In combination with the Prussian blue 



Table 4. Procedures necessary for identification of Siderocapsaceae. 

Procedure Methods for realization 



1. Exact light-microscopic 

visualization of the bacterial cell 
and surrounding iron capsule 



2. Scanning electron microscopy and 
electron probe microanalysis 



3. Transmission electron microscopy 



4. Direct microscopic observation of 
developmental cell cycle in 
micro-chambers or reverse light 
microscope 



a. Phase-contrast observation; Yellowish iron capsule with light-refrangible central 
bacterial cell. 

b. Direct microscopic control of capsular ferric iron dissolution by adding 5% HCl to 
the edge of the cover glass (suspension preparations), immediately followed by 
carbolfuchsin staining of the central cell under microscope. 

c. Carbolfuchsin-Prussian blue double-staining (air-dried preparations); Prussian 
blue solution (70 ml 0.1% HCl 30 drops 2% K4[Fe(CN)6]-3H20); 10 min 
(cuvette); washing with water (cuvette); 10 min into nonheated Ziehl-Neelsen 
carbolfuchsin (cuvette). 

d. Benzidine staining for manganese reaction; Material on slides or filters is first 
wetted with benzene, and 2 or 3 drops of 0.5% benzidine hydrochloride in 50% 
acetic acid are applied to the wet surface. After 1-2 s, the benzidine is removed 
with filter paper (Dubinina, Gorlenko, and Suleimanov, 1973). 

e. Flourescence staining of the bacterial cell; air-dried preparations covered with a 
filtered FITC solution for 5 min (0.1 N Na 2 C 03 -i- 0.1 NaHCOs in 3;2 proportion -i- 
3.5 mg FITC per 10 ml) — washing with the same buffer. Very suitable for 
visualization of bacterial cells in rust-spot-forming bacteria. 

a. Stereoscan; 

Necessary for detection of the slimy nature of the capsule as well as the globular 
ferrihydrite particles in rust spots. 

Preparation in the usual way, placing a drop of material directly onto the specimen 
stub or using ongrowth method (specimens metal-coated). Figs. 1 (without Ih), 
2a-d, and 2h-k. 

b. Electron-probe microanalysis for proof concerning iron or manganese 
incorporation of the capsules using X-ray analysis (area- or point-scanning). Figs. 
Ih, 2e, f, and 1. 

Realization in the usual way using formvar-coated grids (ongrowth method for sessile 
Siderocapsaceae; see also Kutuzova, 1974, 1975; Kutuzova, Gabe, and Kravkina, 
1972); cell observation is better when capsular iron or manganese is removed by 
dissolving. 

The possibility of pleomorphic development of Siderocapsaceae members makes it 
necessary to compare cell development in chambers filled with habitat water or 
culture media for identifying growing cells with the natural originals. This should 
be possible by directly proving stalk excretion from the apical cell in the way done 
for Gallionella (Hanert, 1974) or by using the reverse microscope (Schmidt, 1976, 
cell cycle of Siderocapsa geminata; see also Dubinina and Zhdanov, 1975, cell cycle 
of Arthrobacter siderocapsulatus). 
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reaction for iron and the benzidine hydrochlo- 
ride reaction for manganese, a differentiating 
double staining of the cell and metal-containing 
capsule is possible. Fluorescein isothiocyanate 
(FITC) fluorescence staining is especially suit- 
able for the visualization and differentiation of 
the bacterial cells from iron/manganese oxides 
in rust-spot-forming bacteria, since the inor- 
ganic deposits are not stained (Hanert, 1981). A 
specific staining of the capsular polysaccharides 
has not yet been carried out, so that the capsule 
until now has only been made recognizable 
by staining the iron or manganese which it 
contains. 

Ultramorphology of the Capsule and 
Excreted Gelatinous Material. In all the Sid- 
erocapsaceae material which has been sampled 
in the natural environment or in habitat water 
cultures, the capsules showed a very characteris- 
tic slime-thread ultramorphology and structure, 
which can be recognized best with scanning elec- 



tron microscopy. The capsules are slimy but, nev- 
ertheless, form casings which the bacteria vacate, 
leaving a noticeable hole when they depart. The 
bacteria produce this gelatinous thread slime, 
cover themselves with it — at this stage the bac- 
teria cannot be recognized with a scanning elec- 
tron microscope — and break through the capsule 
after a certain time. Even though this process 
cannot be observed in vivo, the electron micro- 
scope pictures allow scarcely any other infer- 
ence. (See Fig. la-c, Siderocapsa treubii; Fig. 
Id-f, Siderocapsa sp.; Fig. 2a-d, Siderocapsa 
geminata from floes.) On the basis of this charac- 
teristic ultramorphology, it seems reasonable to 
think that the slime capsule might be a very char- 
acteristic feature of genuine Siderocapsaceae. It 
should be noted that the gelatinous slime of the 
Siderocapsaceae also resembles ultramorpholog- 
ically those thread slimes which we have 
observed without the formation of capsules in 
Metallogenium habitat water cultures (Fig. 2g-k, 
Metallogenium floes). 



Table 5. Siderocapsaceae which have clearly been shown to exist by repeated finds. 

Organisms Morphological features and characteristic ecology 



Siderocystis 
S. confervarum 
S. vulgaris 

Naumanniella 

N. neustonica 

N. polymorpha 



Siderococcus limoniticus 



Siderocapsa 
S. treubii 



S. anulata 



S. coronata 



S. arlbergensis 
S. eusphaera 
S. geminata 



Large ovoid iron precipitations on Con/erva-algae; iron-containing swamp ditches. 

Forming rust spots up to 1 mm in diameter on exposed glass slides (Fig. Ij); iron-containing swamp 
ditches. 

Slim rods with a thin, sharply limited iron capsule in the form of a torus (marginal thickening); 
single and in short chains. 

Rod-shaped cells, including the torus, 1.8-3. 3 by 4.9-10 pm; surface of iron-bearing well and 
swamp water. 

Ellipsoid rods of 0.7-1. 0 x 1. 0-2.0 pm that form coccoid cells by budding and fission; thin capsules; 
manganese- not ferrous iron-oxidizing; colony-forming in manganese carbonate or manganese 
acetate agar; brown forest soils and rock crusts. 

Cocci (0.2-0.5 pm in diameter) without capsules (recently, capsule-like formations in which iron- 
oxide deposition takes place have been found by Kutuzova, 1974); in mud horizons and zone 
growth in culture. 

Coccus resp. ovoid or short rods, single or in groups in a very thick, slimy iron capsule. 

(Including the intermediary form of S. major and S. monoica found by Hardman and Henrici, 1939 
and Drake, 1965.) 

Coccoid cells of 0.6-1. 6 pm in diameter and small rods 0.4-1. 0 x 2 pm; single or in groups; most 
frequently of 6-8 up to 30 cells and more in mucoid capsules averaging about 2 pm by 4.5 pm 
with round, elliptical, or irregular outer edge surrounded by thick, rust-brown deposits of iron 
(light microscopic photographs by Hardman and Henrici, 1939). 

Single coccus (0.2-0.5 pm in diameter) surrounded by sharply limited ferric iron ring (1.2-1. 9 pm), 
excellent electron microscopic photographs by Kalbe, Keil, and Theile, 1965; planktonic and 
epilimnetic. 

Two to eight cocci (maximal 1.2 pm) in one capsule (up to 24 pm in diameter); aggregating to 
coenobia of up to 90 capsules and a length of 400 pm (described and pictured by drawings; 
Redinger, 1931); in alpine lakes. 

Cocci (0.4-1. 0 pm) normally in pairs in capsules (diameter 6-15 pm); coenobia similar to S. 
coronata, but single capsules not fusing; light-microscopic photographs by Wawrik, 1956; 
planktonic and neustic in alpine pools. 

Coccoid to ovoid (1-2 pm) cells up to 60 in large capsules (regular spheres up to 50 pm in 
diameter); capsules occur singly (drawings by Skuja, 1948); planktonic and hypolimnetic in large 
lakes. 

Ovoid cells (0.5 x 0.8 pm) usually in pairs in round capsules (7-11 pm in diameter); capsules occur 
singly (drawings by Skuja, 1956); planktonic and hypolimnetic in lakes. 
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Fig. 1. Identification and differentiation of Siderocapsaceae cells, capsules, and ferrihydrite particles, (a-c) Siderocapsa 
treubii, in situ growth on slide in aquarium-natural water culture: (a) single cells at the initial phase of capsule formation; (b) 
two cells coated with slime and iron particles; (c) slime capsule completely coating the cell, (d-f) Siderocapsa sp. from the 
Siderocapsaceae zone in the marine iron bay of Palaea Kameni, in situ growth on slide, Hanert, 1981: (d) thread-slime capsule; 
(e) capsule with two holes; (f) cell half-coated with thread-slime capsular material, (g-i) Globular, chain-forming ferrihydrite 
particles on the slime surface of the rust-spot bacteria (formed in the marine bay): (g and i) ferrihydrite particles; (h) FeKa 
picture to (g). (j) Single cell of Siderocystis vulgaris surrounded by ferrihydrite particles, (k) Single cell of the marine rust- 
spot-former surrounded by ferrihydrite particles. (1) Slime capsule of the marine Siderocapsa sp. coated with ferrihydrite 
particles. 
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Fig. 2. Iron/manganese capsules and slimes of Siderocapsa geminata and Metallogenium personatum, (a-f) Siderocapsa 
geminata, floes grown in Plupsee sample flasks, three-quarters fllled at a depth of 26 m in the natural habitat and maintained 
in cold storage at 4°C, where the S. geminata floes formed in clear, natural habitat water; (a-d) capsules closed or with a hole; 
(e) MnKa (f) FeKa picture to (d), proving simultaneous presence of manganese and iron, the latter at a much lower level. 
(g-1) Metallogenium personatum, floes grown in habitat water-sample flasks from 4°C at a depth of 27 m, PluPsee: (g) light 
microscopic; (h-k) young Metallogenium organisms and thread-slime structure; (1) simultaneous manganese (MnKa, 
5894keV) and iron (FeKa, 6398keV) evidence in the center of Metallogenium (k). 
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Ultramorphology of Deposited Iron Particles 
AND Element-Specific, X-Ray Determination 
OF THE Presence of Iron/Manganese in the 
Capsules in Combination with Postulated 
Developmental Stages. There has been inten- 
sive discussion concerning the existence of 
tiny mycoplasma-like developmental and bud- 
ding stages in certain iron and manganese 
bacteria, for example, in Gallionella (Balash- 
ova, 1969), in Metallogenium (Dubinina, 1970), 
and also in Siderocapsaceae {Siderococcus 
limoniticus, Kutuzova, 1974; Kutuzova, et al., 
1974; Naumanniella polymorpha, Ten, 1968, 
1969; Siderocapsa geminata, Schmidt, 1976). 
Evidence which has previously been presented 
in favor of this hypothesis has largely been 
pictures obtained by transmission electron 
microscopy which, however, show only tiny 
dense particles. 

Relevant here are observations on rust- 
spot-forming bacteria (rust spots in the Palaea 
Kameni Bay, Hanert, 1981; Siderocystis vulgaris 
rust spots, Galinsky and Hanert, 1979a). The iron 
oxides in these rust spots consist of tiny, spherical 
ferric iron particles which are often chainlike in 
form; these particles correspond to the iron 
bodies which have been analyzed as ferrihydrite 
by Tschukrov (1974). These particles consist 
exclusively of iron, which can easily be demon- 
strated by X-ray analysis (point-scanning) and 
dissolving in acids. 

Another useful aid in structural analysis in 
this field is area-scanning electron microscopy in 
combination with element-specific scanning. The 
existence of both iron and manganese incorpo- 
ration in the capsules can be indicated simulta- 
neously (see Fig. 2d-f for Siderocapsa geminata 
and Fig. 21 for Metallogenium). 

The methodological possibilities for analyzing 
natural individual development in vivo are rep- 
resented in Table 4. 

In summary, it should be emphasized that an 
adequate number of identification and culture 
methods are available for the investigation of 
Siderocapsaceae, which can be applied to those 
genera and species (Table 5) whose existence has 
been made certain. One of these forms is Sidero- 
cystis confervarum, which forms large, round, 
iron oxide aggregates on algae and can be found 
in profusion in iron-bearing swamp ditches in the 
vicinity of Braunschweig. The application of the 
methods described here to this bacterium has 
resulted in the surprising discovery that this 
organism lives not only on the surface of the 
algae but also within it. This bacterium might 
have a lytic function for this algae, similar to 
those lytic bacteria which colonize on the hyphae 
of fungi in natural habitats (e.g., Phytophthora 
cinnamomi; Nesbitt, Malajczuk, and Glenn, 
1978). 
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The Genus Fusobacterium 
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The genus Fusobacterium includes several spe- 
cies of obligately anaerobic, nonsporeforming, 
motile or nonmotile. Gram-negative rods. Some 
are slender, spindle-shaped bacilli, while others 
are pleomorphic rods with parallel sides and 
rounded ends. Their habitat is the mucous mem- 
branes of humans and animals. 

During the last decade of the nineteenth cen- 
tury, several authors, among them Miller (1898), 
Plant (1894), and Vincent (1896, 1899, 1904), 
observed spindle-shaped, or fusiform, bacilli in 
material from both the diseased and the healthy 
human mouth. Veillon and Zuber (1998), 
Lewkowicz (1901), and Ellermann (1904) were 
the first to cultivate fusiform bacilli. Loeffler, in 
1884, observed pleomorphic rods in diphtheritic 
lesions of calves and doves. The same organism, 
identifiable with the R necrophorum of today, 
was cultured by Bang (1890-1891) from necrotic 
lesions of a number of domestic animals and by 
Schmorl (1891) from an epizootic in rabbits. 

The more pleomorphic fusobacteria without 
tapering ends have been described under differ- 
ent generic names. Examples are Bacteroides, 
Sphaerophorus, Bacterium, Necrohacterium, 
Pseudohacterium, Bacillus, Actinomyces, 
Corynehacterium, Ristella, and Zuherella. 

The family name Bacteroidaceae was first used 
by Pribram (1929) for strictly anaerobic rods. Ten 
years earlier, Castellani and Chalmers (1919) 
proposed that the genus Bacteroides should only 
contain obligately anaerobic bacilli that did not 
form spores. Eggerth and Gagnon (1933) and 
Weiss and Rettger (1937) excluded the Gram- 
positive rods from the genus. The generic name 
Fusobacterium was proposed by Knorr (1923) 
for obligately Gram-negative bacilli that were 
fusiform. Prevot (1938), who argued that the 
generic name Fusobacterium (and also the 
names Bacteroidaceae and Bacteroides) was 
invalid, used the term Sphaerophorus for the 
nonmotile, pleomorphic fusobacteria, and the 
term Fusiformis for the fusobacteria that had 
tapered ends. The seventh edition of Ber gey’s 
Manual of Determinative Bacteriology (Breed 
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et al., 1957) divided the family Bacteroidaceae 
into three genera: Bacteroides, defined as rods 
with rounded ends; Fusobacterium, defined as 
rods with tapering ends; and Sphaerophorus, 
defined as rods with rounded ends that showed 
a marked pleomorphism and where filaments 
were common. 

Cell morphology, therefore, had so far been 
the main criterion for the classification of the 
nonsporeforming, anaerobic rods. Physiological 
studies (Beerens et al., 1962; Werner, 1972a; 
Werner et al., 1971) and studies of DNA base 
ratios (Sebald, 1962) showed that there was 
insufficient evidence to separate the genera 
Fusobacterium and Sphaerophorus. In the eight 
edition of Ber gey’s Manual (Moore and Holde- 
man, 1974a) the genus Fusobacterium was 
restricted to anaerobic, nonsporeforming. Gram- 
negative rods which form butyric acid as a major 
endproduct from peptone or glucose (without 
isobutyric and isovaleric acids). Further, Leptot- 
richia (see The Genus Leptotrichia in the second 
edition) was reestablished as a genus for the sac- 
charolytic fusiform bacilli producing lactic acid 
as the only major fermentation product. 

Up to now, 12 human species of Fusobacte- 
rium have been adequately described (Table 1). 
The GC content of these species ranges from 26 
to 34 mol%. In addition, F prausnitzii, which has 
a GC content of 52-57 mol%, has been included 
in the genus. The species isolated most fre- 
quently from humans and animals are F nuclea- 
tum and F necrophorum, respectively. F simiae 
is a new species which has been isolated from the 
mouth of the stumptailed macaque (Macaca arc- 
toides) (Slots and Potts, 1982). 

Habitats 

As Normal Microbiota of Humans 
and Animals 

All Fusobacterium species are parasites of 
humans and animals. Anaerobic Gram-negative 
rods with the same morphological and bio- 
chemical properties as Fusobacterium species 
have also been isolated from the hindgut of the 
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Table 1. The main human sources of Fusobacterium isolates. 



Species 


Normal flora 

Gastrointestinal 
Mouth tract 


Clinical 

specimens 


F nucleatum 


+ 




+ 


F necrophorum 




+ 


+ 


F alocis 


+ 






F gonidiaformans 




+ 


+ 


F mortiferum 




+ 


+ 


F naviforme 


+ 




+ 


F necrogenes 




+ 




F periodonticum 


+ 






F prausnitzii 




+ 




F russii 




+ 




F sulci 


+ 






F ulcerans 






+ 


F varium 




+ 


+ 



Adapted from Moore et al. (1984), Slots et al. (1983), Cato 
et al. (1985), and Adriaans and Shah (1988). 



cockroach Eublaberus posticus (Foglesong et al, 
1984) and the gastrointestinal tract of the grass 
carp Ctenopharyngodon idella (Trust et al., 
1979). 

The main human habitats of the different 
Fusobacterium species are listed in Table 1. 

F. nucleatum is a constant member of the oral 
microflora of adults, but has also been isolated 
from the oral cavity of predentate children 
(Hurst, 1957; McCarthy et al., 1965). The princi- 
pal habitat of F alocis and F sulci is the human 
gingival sulcus. The incidence of F periodonti- 
cum in the human oral cavity is unknown. Occa- 
sionally, F naviforme has been found in the 
mouth or the upper respiratory tract (Holdeman 
et al., 1977). The isolation of F necrophorum 
from pleuropulmonary infections suggests that 
this organism is also able to live as a parasite on 
the mucous membranes of the oral cavity and 
upper respiratory tract of humans. The number 
of fusobacteria per milliliter of saliva has been 
estimated to be 5.6 x 10"^ (Richardson and Jones, 
1958). In different surveys, fusobacteria have 
been found to make up from 0.4 to 7% of the 
cultivable dental plaque flora (Hardie and 
Bowden, 1974). There are, however, great indi- 
vidual variations. In patients with different forms 
of periodontitis, F nucleatum is a predominant 
member of the subgingival plaque flora 
(Williams et al., 1976; Moore et al., 1982, 1983). 
Hadi and Russel (1969) reported a mean viable 
count of F nucleatum per gram wet weight of 
gingival plaque material from patients with 
advanced chronic periodontal disease and acute 
ulcerative gingivitis of 3.3 x 10^ and 9.3 x 10^, 
respectively. In subjects with healthy gingivae, 
the corresponding figure was 5.7 x 10^. 

Fusobacterium makes up a small part of the 
fecal microflora of man, with individual variation 



ranging from about 7% to less than 1% of the 
cultivable fecalflora (Finegold et al., 1974; 
Finegold et al., 1975; Holdeman et al., 1976; 
Moore and Holdeman, 1974b; van Houte and 
Gibbons, 1966). The most prevalent species seem 
to be F prausnitzii, F russii, and F mortiferum. 
Both the number of fusobacteria in feces and the 
relative frequency of the different species are 
influenced by the diet (Finegold et al., 1974; 
Maier et al., 1974; Peach et al., 1974). Thus, Jap- 
anese on a traditional diet rich in carbohydrate 
have a relatively high number of F necrophorum 
in feces (Ohtani, 1970a; Ueno et al., 1974). 

The occurrence of fusobacteria on the mucous 
membranes of the genitourinary tract is virtually 
unknown. Fusobacteria were not present in the 
normal microflora of the cervix of 30 healthy 
females examined by Gorbach et al. (1973), and 
Hite et al. (1947) found no fusobacteria in the 
healthy vaginas of pregnant women. Fusobacte- 
ria, particularly F necrophorum, were, however, 
present in the vagina of pregnant women with 
trichomoniasis and in the postpartum uterus of 
such women. Spaulding and Rettger (1937) 
found F nucleatum in the normal vagina but not 
in the vagina of pregnant women. Davis and 
Pilot (1922) and Brams et al. (1923) isolated fusi- 
form bacilli (and spirochetes) from the clitoris 
region in females and from preputial secretions 
of 50 out of 100 men. 

The habitat of F ulcerans is unknown. The 
organism has been isolated from tropical ulcers 
(Adriaans and Drasar, 1987) and from a few 
specimens of mud (Adriaans and Shah, 1988). 
Tropical ulcer is a form of skin ulceration pre- 
dominantly affecting children and is most com- 
monly in the tropics (Robinson and Hay, 1985). 

F necrophorum is a normal inhabitant of the 
alimentary tract of cattle, horses, sheep, and pigs. 
Fuller and Lev (1964), in a study of the Gram- 
negative bacteria of the pig alimentary tract, 
found F necrophorum to be present from the age 
of 43 days. Aalbaek (1972) isolated the organism 
from the colon of pigs in numbers up to 10^ per 
gram of wet material, but in considerably higher 
number in the ileus, cecum, and colon of pigs 
with experimental enteritis. F necrophorum has 
also been found in infections and in feces of 
other animals, such as mules (Nolechek, 1918), 
goats (Jensen, 1913), reindeer (Horne, 1898- 
1899), antelope (Mettam and Carmichael, 1933), 
macropods (Bang, 1890-1891; Samuel, 1983), 
wildebeest (Grainer, 1983), dogs (Jensen, 1913), 
rabbits (Cameron and Williams, 1926; Schmorl, 
1891), rats (Lewis and Rettger, 1940), chickens 
(Jensen, 1913), and apes (Back et al., 1935; Back 
et al., 1937). It has also been reported in buffa- 
loes, cats, guinea pigs, mice, snakes, tortoises, and 
fowl (Simon and Stovell, 1969; Weinberg et al., 
1937). 
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Less is known about the presence in animals 
of the other Fusohacterium species. Fusiform 
bacilli, probably F. nucleatum, have been isolated 
from the alimentary tract of pigs (Aalbaek, 1977) 
and mice (Syed, 1972), and from the oral cavity 
and the throat of monkeys (Krygier et al, 1973; 
Pratt, 1927; Slanetz and Rettger, 1933), dogs 
(Slanetz and Rettger, 1933), cats (Prevot et al, 
1951), rabbits (Pratt, 1927; Slanetz and Rettger, 
1933), and guinea pigs (Pratt, 1927; Spaulding 
and Rettger, 1937). Terada et al. (1976) isolated 
F necrogenes and F mortiferum from pig feces, 
and F perfoetens has been found in piglet feces 
(van Assctie and Wilssens, 1977). F necrogenes is 
a member of the cecal flora of poultry (Holde- 
man et al., 1977). F russii is a member of the 
normal oral flora of cats (Love et al., 1987) and 
has been mentioned as being part of the normal 
microflora of mice and pigs, as well as of the 
rumen flora of cattle (Smith, 1975). 

As Pathogens of Humans and Animals 

Next to members of the ''Bacteroides fragilis 
group” and the black-pigmented bacteroides, 
F nucleatum is the Gram-negative anaerobic 
organism most often encountered in human 
infections. Also, F necrophorum is clearly patho- 
genic in humans. Before the advent of antibiotics 
and other antimicrobial drugs, this organism was 
frequently isolated from suppurative infections 
of the oral cavity and the upper respiratory tract 
and from pleuropulmonary infections. Review- 
ing the literature concerning anaerobic pleurop- 
ulmonary infections, Finegold (1977) found that 
F necrophorum accounted for 24% of all anaer- 
obic bacteria isolated from 358 cases. Today the 
organism is less commonly isolated from human 
infections. F nucleatum is usually found associ- 
ated with other anaerobic and/or facultative 
organisms. On a percentage basis, F nucleatum 
and F necrophorum have been isolated in pure 
culture from pyogenic infections more fre- 
quently than have other anaerobic bacteria 
(Beerens and Tahon-Castel, 1965; Werner and 
Pulverer, 1971; Bartlett et al., 1974). However, 
when in mixture with other organisms the recov- 
ery of fastidious strains of F nucleatum and F 
necrophorum may fail. Other species of Fuso- 
hacterium are occasionally isolated from clinical 
specimens, and nearly always in mixed culture. 

Pathogenic fusobacteria are in particular iso- 
lated from inflammatory processes accompanied 
by necrosis and ulceration. They are most fre- 
quently found in head and neck infections, pleu- 
ropulmonary infections, abscesses of the brain 
and the liver, and in infections following human 
and animal bites. Fusohacterium species are also 
recovered from subcutaneous and soft-tissue 
abscesses, obstetrical and gynecological infec- 



tions, and abdominal abscesses. Because of vari- 
ations in nomenclature and anaerobic culture 
technique, the incidence of Fusohacterium infec- 
tions is difficult to determine from the literature. 
In a series of 15,844 clinical specimens submitted 
over 12 years (1973-1985) to the microbiological 
laboratories in two military hospitals, Fusohacte- 
rium species accounted for 4% of all anaerobic 
isolates (Brook, 1988). F nucleatum was the most 
common Fusohacterium species (47% of all 
Fusohacterium species). The incidence of fuso- 
bacteria was somewhat higher in a 10-year series 
of anaerobic isolates from hospital patients 
(Sutter et al., 1985). F nucleatum and F necro- 
phorum may also be encountered in blood cul- 
tures, particularly when the upper respiratory 
and the female genital tract are the portals of 
entry (Felner and Dowell, 1971; Henry et al., 
1983). Fusohacterium species may be a cause of 
chorioamnionitis (Altshuler and Hyde, 1985). F 
nucleatum is invariably present in Plaut- 
Vincent’s angina (fusospirochetal angina) and in 
acute necrotizing ulcerative gingivitis. 

F necrophorum is the cause of human necro- 
bacillosis. This is a rare, but life-threatening sep- 
ticemia which predominantly affects healthy 
young adults. The infection is characterized by 
sore throat, followed by rigor and the forma- 
tion of abscesses, usually involving the lung 
(Lemierre, 1936; Moore-Gillon et al., 1984). 

F necrophorum is an animal pathogen that is 
frequently isolated from necrotic and gangre- 
nous lesions in cattle, sheep, and pigs and less 
frequently from other animals. Carnivorous ani- 
mals appear to be resistant. The most common 
manifestations of diseases associated with F 
necrophorum are liver abscess (hepatic necroba- 
cillosis) and footrot. 

Liver abscesses are especially encountered in 
heavily fattened cattle. Ninety % or more of such 
abscesses contain F necrophorum as the only 
organism or in combination with other organ- 
isms (Hussein and Shigidi, 1974; Kanoe et al., 
1976; Newsom, 1938; Simon and Stovell, 1971; 
Berg and Scanlan, 1982). The disease is associ- 
ated with inflammation of the forestomach, 
presumably caused by irritating substances 
produced by fermentation of the high-caloric 
feed or by foreign bodies (Jensen and Mackay, 
1965). F necrophorum present in the stomach 
contents is thought to gain entry to the vascular 
system through the injured mucosa. Liver 
abscesses have thus been produced experimen- 
tally in cattle and sheep by intraportal injections 
of viable cells of a bovine isolate of F necropho- 
rum (Jensen et al., 1954). Hepatic necrobacillosis 
in feedlot cattle may present an economic prob- 
lem in meat-producing countries (Langworth, 
1977; Panel report, 1973). Footrot is frequently 
encountered in sheep and cattle. The disease 
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affects the epidermal tissues of the interdigital 
skin and hoof and leads to separation of the hoof 
from the soft tissues. Lameness and morbidity 
from infection lead to a reduction in productivity 
and economic losses. Footrot in sheep is caused 
by Bacteroides nodosus in combination with 
Fusobacterium necrophorum. B. nodosus is the 
principal causative agent transmitting the disease 
from one animal to another (Beveridge, 1941), 
whereas E necrophorum is essential for the later 
inflammatory destruction of tissue (Egerton et 
al., 1969; Roberts and Egerton, 1969). Injury to 
the foot and damp soil are predisposing factors 
(Graham and Egerton, 1968). Effective protec- 
tion against ovine footrot is achieved through 
immunization with killed, fimbriated B. nodosus 
cells (Egerton and Roberts, 1971; Stewart et al., 
1982). 

The primary cause of epizootic footrot in 
cattle has not been found. E necrophorum is 
present in the lesions as a concurrent pathogen 
or a secondary invader. Typical lesions have been 
produced in cattle by the intradigital or intra- 
dermal inoculation of E necrophorum alone or 
in combination with black-pigmented bacteroi- 
des (Berg and Loan, 1975; Clark et al., 1985). 

Another disease associated with E necropho- 
rum is calf “diphtheria,” which is necrotic laryn- 
gitis that occurs in calves up to 2 years of age. E 
necrophorum is also involved in several other 
suppurative or gangrenous processes in domestic 
animals, such as interdigital dermatitis and heel 
abscess in sheep (Parsonson et al., 1967; Roberts 
et al., 1968), neonatal bacteremias in calves and 
lambs, necrotic enteritis of pigs, necrotic rhinitis 
of growing pigs, and oral infections in several 
animals. 

Necrobacillosis has long been known as a seri- 
ous cause of death of macropods, mainly in zoo- 
logical collections, but also in wild habitats. The 
body sites most commonly affected are the face, 
the stomach wall, and the hind limbs. There is 
good evidence that E necrophorum is the main 
etiological agent of the disease, but other organ- 
isms, especially Bacteroides species, are often also 
present in the lesions in high numbers (Oliphant 
et al., 1984; Samuel, 1983). Fusobacterium species 
are the predominant species of the mixed flora 
in soft tissue infections of cats caused by contam- 
ination from the oral flora (Love et al., 1980). 

Virulence Determinants 

The natural infections have verified the infec- 
tivity and invasiveness in animals of E necro- 
phorum and in man of E nucleatum and E 
necrophorum. Experimental investigations in 
animals have shown that synergistic mechanisms 
may be of importance in the pathogenesis of 
mixed infections involving fusobacteria (Brook 



and Walker, 1986; Hamp and Mergenhagen, 
1963; Hill et al., 1974; Kaufman et al., 1972; 
Onderdonk et al., 1976; Roberts, 1967a, b). 

Our current knowledge of virulence determi- 
nants is cursory. Fimbriation has been seen in E 
necrophorum (Shinjo and Kiyoyma, 1986), but 
not in E nucleatum or other Fusobacterium spe- 
cies. Encapsulation has been observed in E 
nucleatum and E necrophorum (Brook, 1986; 
Emery, 1988). 

E necrophorum isolates from cattle and sheep 
have been assigned to biovars A and B, and to 
an intermediate type, AB, on the basis of cultural 
characteristics (Fievez, 1963). A and AB biovars 
are frequently isolated from lesions, are highly 
virulent in mice, are hemolytic, and produce a 
hemagglutinin. B biovars are of low virulence in 
mice and nonhemolytic. The agglutinin is associ- 
ated with the cell vail, has a subunit molecular 
weight of 19,000, and is heat labile (Nagai et al., 
1984). Certain strains of E necrophorum produce 
a leukocidin which is also destructive for eryth- 
rocytes and a variety of cultivated cells (Coyle- 
Dennis and Lauerman, 1978; Tales et al., 1977; 
Garcia et al., 1975a; Ishii et al., 1988; Roberts, 
1967a, b; Scanlan et al., 1982). The toxin is pos- 
sibly a phospholipase (Abe et al., 1979). High 
amounts of leukocidin are produced by A and 
AB biovars of E necrophorum, indicating a cor- 
relation between toxin production and virulence. 
(Coyle-Dennis and Lauerman, 1979; Emery and 
Vaughan, 1986; Scanlan et al., 1982). 

A hemagglutinin is also produced by E nuclea- 
tum (Dehazya and Coles, 1980; Falkler and 
Hawley, 1977). E nucleatum and E necrophorum, 
as well as other Fusobacterium species, posses a 
cell wall lipopolysaccharide with the characteris- 
tics of an endotoxin (Garcia et al., 1975; Hofstad 
and Kristoffersen, 1971; Sveen et al., 1977; 
Warner et al., 1975). 

Physiology 

Fusobacterium species are not particularly 
demanding with regard to a low oxidation-reduc- 
tion potential. The maximum Eh value permitting 
growth varies, depending on the species, the size 
of inoculum, and the medium. Stock strains of E 
nucleatum were able to grow in an oxygen ten- 
sion of up to 6% (Loesche, 1969). Fusobacteria 
are, however, fairly readily killed by exposure to 
air. This is possibly due to their susceptibility to 
hydrogen peroxide and is especially noticeable 
when thioglycolate or cysteine HCl is incorpo- 
rated into media that are exposed to air before 
inoculation and incubation. 

Fusobacteria grow readily on ordinary solid 
media, such as Brucella blood agar and brain 
heart infusion agar, and in fluid media with a 
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base of peptone and yeast extract. Proteose 
peptone, tryptone, and trypticase have better 
growth-promoting effects than casamino acids 
(Gharbia and Shah, 1988a). 

Energy is obtained from peptides and amino 
acids, which are fermented to give a mixture of 
butyric and acetic acids. Peptides represent the 
most important energy source (Gharbia et al., 
1989). Lysine is likely catabolized by the 3-keto, 
5-aminohexanoate pathway (Barker et al., 1982). 
Glutamate may be degraded through different 
pathways (Gharbia, 1987). R necrophorum 
has an absolute need for protein-containing 
polypeptides (Wahren and Holme, 1973). Most 
Fusohacterium species convert threonine to pro- 
prionate. Lactate is converted to proprionate by 
F. necrophorum. 

All the Fusohacterium species are either non- 
fermentative or only weakly fermentative. All 
species examined are able to utilize glucose, 
which is incorporated into cellular components 
(Robrish et al., 1987; Gharbia and Shah, 1988a). 
The accumulation of glucose is dependent upon 
energy supplied by fermentation of amino acids 
(Robrish et al., 1987). A low terminal pH (sel- 
dom lower than pH 5.5) in glucose-containing 
media indicates that, in at least a few species, 
some glucose is fermented. 

Glutamate dehydrogenase is produced by all 
Fusohacterium species. The activity at different 
pH values and the electrophoretic mobility of 
the enzyme differ between species or groups of 
species (Gharbia and Shah, 1988b). Possibly 
all fusobacteria produce deoxyribonuclease 
(Porschen and Sonntag, 1974). F necrophorum is 
able to deconjugate bile salts (Shimada et al., 
1969). 

The fusobacteria are susceptible to many of 
the commonly used antibiotics, including penicil- 
lins and cephalosporins. They are, however, resis- 
tant or relatively resistant to vancomycin, 
neomycin, and erythromycin. F nucleatum may 
produce beta-lactamase. F varium and F mor- 
tiferum are resistant to rifampicin (rifampin). 
The growth of these two organisms is not inhib- 
ited by bile, to which other species of Fusohacte- 
rium are susceptible. Along with several other 
Gram-negative bacteria, the fusobacteria will 
grow in the presence of low concentrations of 
various dyes. 



Isolation 

Sampling 

Fusohacterium nucleatum is best isolated from 
saliva or centrifuged salivary deposits or from 
the crevice or pocket that exists between the 
gingiva and the tooth surface. Sampling from 



the crevice area is performed by the use of ster- 
ile filter paper points (absorbent dental points), 
which are gently inserted into the crevice. 
Saliva or salivary deposits may be inoculated 
into the medium either directly or after being 
resuspended in a reducing diluent, such as the 
serum-containing diluent of Bowden and 
Hardie (1971), or in prereduced anaerobically 
sterilized (PRAS) one-fourth-strength Ringer 
solution (Sutter et al., 1985). The inoculated 
tapering end of the paper point is streaked on a 
small area of the solid medium, and further 
spreading of the deposited material is carried 
out by a wire loop. Because of their presence in 
small numbers, isolation of other Fusohacterium 
species from their natural habitat in man can 
be difficult. Detailed directions for collection, 
transport, and processing of fecal specimens 
have been given by Sutter et al. (1985). It is 
essential that the specimens are thoroughly 
homogenized and adequately diluted in a 
reducing diluent before inoculation. This 
applies also to the isolation of F necrophorum 
from the intestinal tract of animals. 



Isolation Under Nonselective Conditions 

When present in clinical specimens, Fusohacte- 
rium nucleatum and F necrophorum and the less 
commonly isolated Fusohacterium species are 
usually recovered on solid nonselective media. If 
the colonies are carefully inspected, the Gram 
stain is properly used and subculturing is per- 
formed promptly, isolation is usually straight 
forward. 

Nonselective isolation of fusobacteria from 
their natural habitats on the mucous membranes 
in man and animals is laborious and time- 
consuming. Such isolation attempts should be 
avoided in those instances where isolation on 
selective media is possible. However, isolation 
under nonselective conditions seems to be the 
most reliable method for examination and quan- 
titation of viable cells in normal flora speci- 
mens. For this purpose the roll tube method 
(Holdeman et al., 1977; Moore, 1966) or the use 
of a glove box (Aranki et al., 1969) is to be 
recommended. By inoculating roll tubes with 1 
ml each of 10^ 10^ and 10^^ dilutions of homog- 
enized feces, bacterial species — including fuso- 
bacteria — present in numbers as low as 3 x 10^^ 
per gram of fecal dry matter (0.06% of the fecal 
bacterial population) were counted (Moore and 
Holdeman, 1974). 

Selective Isolation 

Media formulations have been developed and 
evaluated for selective isolation of fusobacteria 
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from human (Baird-Parker, 1957; Morgenstein 
et al, 1981; Ohtani, 1970b; Omata and 
Disraely, 1956; Sutter et al, 1971; Walker et al, 
1979) and animal (Pales and Teresa, 1972a) 
sources. 

The following medium of Morgenstein et al, 
(1981) is recommended for the isolation of Fuso- 
hacterium species from their natural habitats and 
from clinical specimens. 

Fusobacterium Egg Yolk Agar (FEA) Medium 
(Morgenstein et al., 1981; Sutter et al., 1985) 



Brucella agar base 37 g 

Disodium phosphate 5 g 

Monopotassium phosphate 1 g 

Magnesium sulfate 0.1 g 

Hemin solution (5 mg/ml) 1 ml 

Polysorbate 80 1 ml 

Neomycin solution (100 mg/ml) 1 ml 

Distilled water 1,000 ml 

Vancomycin solution (7.5 mg/ml) 0.67 ml 

Josamycin (Yamanouchi Pharmaceuticals) 3 mg 

Egg yolk emulsion (Difco) 50 ml 

(or Egg yolk emulsion) (Oxoid) 74 ml 



The vancomycin, the josamycin and the egg yolk emul- 
sion are added to the medium after adjustment of pH to 
7.6, dissolving by boiling, autoclaving at 121 °C for 15 min, 
and cooling to 50°C. 

The FEA medium is selective because of its 
content of antibiotics. Addition of egg yolk 
makes it differential for E necrophorum, which 
is lipase positive. All species of Fusobacterium 
grow on the medium with only minimal inhibi- 
tion. The typical colonial morphology is translu- 
cent to white, convex, round, and entire colonies. 
Leptotrichia grows with white, raised, and gran- 
ular colonies, and Veillonella forms small and 
translucent colonies. The growth of a majority of 
facultative Gram-negative organisms is inhib- 
ited. Gram-positive organisms do not grow on 
the medium. 

The CVE medium of Walker et al. (1979) 
may be used in addition to the FEA medium 
for isolation of F nucleatum from the oral 
cavity. 

Crystal Violet Erythromycin Agar (CVE) Medium 
(Walker et al., 1979) 



Trypticase 


10 g 


Yeast extract 


5g 


Sodium chloride 


5g 


Glucose 


2g 


Tryptophane 


0.2 g 


Agar 


15 g 


Crystal violet 


5 mg 


Distilled water 


1,000 ml 


Sterile defibrinated sheep blood 


50 ml 


Erythromycin (dissolved in small volume of 


4 mg 



95% ethanol) 

The blood and the erythromycin are added to the medium 
after adjustment of the pH to 7.0-7.2, autoclaving at 
121 °C for 20 min, and cooling to 50°C. 



The selectivity of the CVE medium depends 
on its content of erythromycin and crystal violet. 
Strains of F nucleatum exhibit one of two differ- 
ent colony types on CVE. Some strains form 
transparent, smooth, round, blue colonies having 
an entire edge with a darker blue center. Other 
strains form transparent, rounded or irregular, 
blue colonies with a speckled internal appear- 
ance. Several species of Gram-positive and 
Gram-negative organisms grow on the medium, 
but with a colonial morphology distinguishable 
from those of F nucleatum. 

The medium of Sutter et al. (1971) is selective 
for F varium and F mortiferum and can be used 
for isolation of these species from feces or from 
other sources. The selectivity of this medium 
depends on the addition of rifampin to standard 
blood agar. 

Rifampin Blood Agar (Sutter et al., 1971; Sutter et al., 
1985) 

A total of 50 pg/ml of rifampin is added to Brucella blood 
agar just before the plates are poured. Rifampin stock 
solution: 0.1 g of rifampin is dissolved in 20 ml of absolute 
ethyl alcohol, and 80 ml of sterile distilled water is added. 
This gives a final concentration of 1,000 pg/ml. The solu- 
tion can be stored at 4°C for up to 2 months. 

F varium and F mortiferum grow freely on this 
medium, while the growth of Bacteroides and 
most other organisms present in human feces in 
high numbers is inhibited. 

A medium selective for the isolation of F 
necrophorum from bovine liver abscesses 
was reported by Tales and Teresa (1972a). The 
medium is based on the trypticase and egg yolk 
medium of McClung and Toabe (1947) and 
contains crystal violet and phenethyl alcohol as 
selective agents. 

Isolation Medium for Fusobacterium necrophorum 
(Tales and Teresa, 1972a) 

To 415.0 ml of distilled water add the following: 



Trypticase 16.0 g 

Biosate 4.0 g 

Thiotone 2.0 g 

Glucose 0.5 g 

MgS 04 (5% solution) 0.1 ml 

Na2HP04 2.5 g 

Agar 8.3 g 

Adjust to pH 7.3. 



After autoclaving, the basal medium is cooled to 50°C, 
and 1.35 ml (0.27% vol/vol) of phenethyl alcohol is added. 
One egg yolk mixed with an equal volume of a 0.9% 
sterile saline solution (total volume, approximately 
45.0 ml) and blended with the basal medium and then 11.5 
mg of crystal violet dissolved in 25.0 ml of sterile distilled 
water are added. Finally, the volume is adjusted to 500 ml 
with sterile distilled water. 

Small colonies of Proteus species appearing on 
the medium are easily distinguished from the 
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larger colonies (1.5-1. 7 mm in diameter after 
48 h of incubation) of R necrophorum. 

As previously mentioned, the various selec- 
tive media designed for isolation of Fusobacte- 
rium species allow other organisms to grow to 
a varying extent. In order to gain experience 
with these media it is important, therefore, 
to check the different colony types by 
Gram-staining. 

Axenic Cultivation and Maintenance 

Fusobacterium strains can be maintained by 
weekly serial subcultures on blood agar. Viable 
cells can be stored at -70°C in Greave’s solution. 
Stock cultures can also be prepared in skim milk 
(Sutter et al., 1985). 



Greave’s Solution 

Bovine serum albumin 50 g 
Sodium glutamate 50 g 

Glycerol 100 g 

Distilled water 1,000 ml 



Batch cultivation is best performed in a nutri- 
ent broth with a tryptone base, which is supple- 
mented with yeast extract (0.3%), glucose 
(0.25%), and cysteine HCl (0.1%), or in the 
selective media bases. If narrow-necked, well- 
filled containers are used, PRAS media are usu- 
ally not necessary. 

F necrophorum has been grown in continuous 
culture with glucose as the growth-limiting 
factor (Wahren et al., 1971). Maximal cell yields 
(3.5 mg/ml dry weight) were achieved at dilution 
rates between 0.19 h“^ and 0.40 h“\ at a pH of 
6.8, and at temperatures of 33-36°C. 

Identification 

All Fusobacterium species are susceptible to 
colistin and kanamycin, are resistant to vanco- 
mycin, and produce butyric acid without isobu- 
tyric or isovaleric acids. In the clinical diagnostic 
laboratory identification is based on both cell 
and colony morphology and on biochemical 
properties. Chemotaxonomic methods, such as 
DNA-DNA hybridization, lipid analysis, electro- 
phoretic mobility of glutamate dehydrogenase, 
outer membrane protein patterns, and pepti- 
doglycan composition, are useful for taxonomi- 
cal purposes. 

Morphology 

Fusobacterium nucleatum has a characteristic 
cell morphology that makes presumptive identi- 
fication relatively easy. The cells are Gram- 
negative, slender, spindle-shaped bacilli with 
sharply pointed ends, often appearing in pairs 



and end-to-end. Most cells are 5-10 pm long, but 
both shorter and longer rod forms may be seen. 
F periodonticum has a similar cell morphology. 
This organism has, however, not been isolated 
from clinical specimens. The fusiform cells of 
Capnocytophaga species are generally smaller 
than those of F nucleatum. Those of Leptotrichia 
buccalis are thicker and usually larger (dis- 
tinguishing characters are given in Table 1 of The 
Genus Leptotrichia in the second edition). The 
cells of F necrophorum are pleomorphic, are 
often curved, and may have spherical enlarge- 
ments. Free coccoid bodies and, especially, fila- 
ments are common. F naviforme strains may 
have boat-shaped cells. Gonidial forms may be 
seen in old cultures of F gonidiaformans . The 
other Fusobacterium species have no distinctive 
cellular morphology. 

Colonies of F nucleatum on blood agar are low 
convex, glistening, and slightly irregular in form. 
Those of F necrophorum are circular, rough, and 
often (3-hemolytic. The other Fusobacterium spe- 
cies form smooth, small-to-punctiform colonies 
on blood agar after incubation for two days. 

Biochemical Properties 

Differential characteristics of the most common 
Fusobacterium species are shown in Table 2. In 
addition, F periodonticum hydrolyzes hippurate; 
nitrate is reduced by F ulcerans; and the pH may 
be slightly lowered in cultures of Fusobacterium 
species grown in carbohydrate-containing media, 
but also in cultures grown without added carbo- 
hydrate. This makes the interpretation of fer- 
mentation reactions difficult. 

Commercial multitest systems for identifica- 
tion of bacteria are generally associated with a 
percentage of misidentifications, which may be 
either system or laboratory dependent. Experi- 
ence is limited with respect to identifications of 
Fusobacterium species. 

DNA probes for identification of Fusobacte- 
rium species are not available. The fluorescent 
antibody technique has been used for identifica- 
tion of fusobacteria in clinical specimens from 
man (Griffin, 1970; Stauffer et al., 1975) and for 
F necrophorum in bovine liver abscesses (Fales 
and Teresa, 1972b). Simon (1975) has described 
a hemagglutination inhibition test for rapid iden- 
tification of F necrophorum. 

Literature Cited 

Aalbaek, B. 1972. Gram-negative anaerobes in the intestinal 
flora of pigs. Acta Vet. Scand. 13:228-237. 

Abe, P. M., C. J. Kendall, L. R. Stauffer, J. W. Holland. 1979. 
Hemolytic activity of Fusobacterium necrophorum cul- 
ture supernatants due to presence of phospholipase A 
and lysophospholipase. Am. J. Vet. Res. 40:92-96. 



1024 T. Hofstad 



CHAPTER 14.12 



Adriaans, B., B. S. Drasar. 1987. The isolation of fusobacteria 
from tropical ulcers. Epidem. Infect. 99:361-372. 

Adriaans, B., H. Shah. 1988. Fusobacterium ulcerans sp. nov. 
from tropical ulcers. Int. J. Syst. Bacteriol. 38:447-448. 

Altshuler, A., S. Hyde. 1985. Fusobacteria. An important 
cause of chorioamnionitis. Arch. Pathol. Lab. Med. 
109:739-743. 

Aranki, A., S. A. Syed, E. B. Kenney, R. Freter. 1969. Isola- 
tion of anaerobic bacteria from human gingiva and 
mouse cecum by means of a simplified glove box proce- 
dure. Appl. Microbiol. 17:568-576. 

Baird-Parker, A. C. 1957. Isolation of Leptotrichia buccalis 
and Fusobacterium species from oral material. Nature 
180:1056-1057. 

Bang, B. 1890-1891. Om aarsagen til lokal nekrose. Maaned- 
skrift for Dyrlaeger. 2:235-259. 

Barker, H. A., J. M. Kahn, L. Hedrick. 1982. Pathway of 
lysine degradation in Fusobacterium nucleatum. J. Bac- 
teriol. 152:201-207. 

Bartlett, J. G., V. L. Sutter, S. M. Finegold. 1974. Anaerobic 
pleuropulmonary disease: Clinical observations and bac- 
teriology in 100 cases. 327-344. A. Balows, R. M. 
DeHaan, V. R. Dowell, Jr., and L. B. Guze (ed.) Anaer- 
obic bacteria: role in disease. Charles C. Thomas. Spring- 
field, IL. 

Beerens, H., M. M. Castel, L. Fievez. 1962. Classification des 
Bacteroidaceae. 120. Abstr VIII Int. Congress Micro- 
biol. Montreal. 

Beerens, H., M. M. Tahon-Castel. 1965. Infectiones humaines 
a bacteries anaerobies non toxigenes. Presses 
Academiques Europeennes. Brussels. 

Berg, J. N., R. W. Loan. 1975. Fusobacterium necrophorum 
and Bacteroides melaninogenicus as etiologic agents of 
footrot in cattle. Am. J. Vet. Res. 36:1115-1122. 

Berg, J. N., C. M. Scanlan. 1982. Studies of Fusobacterium 
necrophorum from bovine hepatic abscesses: Biotypes, 
quantitation, virulence, and antibiotic susceptibility. 
Am. J. Vet. Res. 43:1580-1586. 

Beveridge, W. I. B. 1941. Foot rot in sheep: A transmissible 
disease due to infection with Fusiformis nodosus (n.sp.). 
Council for Scientific and Industrial Research, Com- 
monwealth of Australia, Bulletin 140, Melbourne. 

Bowden, G. H., J. M. Hardie. 1971. Anaerobic organisms 
from the human mouth. 177-205. D. A. Shapton and R. 
G. Board (ed.) Isolation of anaerobes. Society for 
Applied Bacteriology Technical Series No. 5. Academic 
Press, London. 

Brams, X, I. Pilot, D. J. Davis. 1923. Studies of fusiform bacilli 
and spirochetes. II. Their occurrence in normal preputial 
secretions and in erosive and gangrenous balanitis. J. 
Infect. Dis. 32:159-166. 

Breed, R. S., E. G. D. Murray, N. R. Smith (ed.). 1957. 
Bergey’s manual of determinative bacteriology, 7th ed. 
Williams & Wilkins, Baltimore. 

Brook, 1. 1986. Encapsulated anaerobic bacteria in synergis- 
tic infections. Microbiol. Rev. 50:452-457. 

Brook, I. 1988. Recovery of anaerobic bacteria from clinical 
specimens in 12 years at two military hospitals. J. Clin. 
Microbiol. 26:1181-1188. 

Brook, I., R. I.Walker. 1986. The relationship between Fuso- 
bacterium species and other flora in mixed infection. J. 
Med. Microbiol. 21:93-100. 

Cameron, G. R., F. E. Williams. 1926. An epidemic affecting 
stock rabbits. J. Pathol. Bacteriol. 29:185-188. 

Castellani, A., A. J. Chalmers. 1919. Manual of tropical med- 
icine. William Wood & Company, Baltimore. 



Cato, E. P, L. V. H. Moore, W. E. C. Moore. 1985. Fusobac- 
terium alocis sp. nov. and Fusobacterium sulci sp. nov. 
from the human gingival sulcus. Int. J. Syst. Bacteriol. 
35:475-477. 

Clark, B. L., D. J. Stewart, D. L. Emery. 1985. The role of 
Fusobacterium necrophorum and Bacteroides melanino- 
genicus in the aetiology of interdigital necrobacillosis in 
cattle. Aust. Vet. J. 62:47-49. 

Coyle-Dennis, J. E., L. H. Lauerman. 1978. Biological and 
biochemical characteristics of Fusobacterium necropho- 
rum leukocidin. Am. J. Vet. Res. 39:1790-1793. 

Coyle-Dennis, J. E., L. H. Lauerman. 1979. Correlations 
between leukocidin production and virulence of isolates 
of Fusobacterium necrophorum. Am. J. Vet. Res. 40:274- 
276. 

Dack, G. M., L. R. Dragstedt, T. E. Heinz. 1937. Further 
studies on Bacterium necrophorum isolated from 
cases of chronic ulcerative colitis. J. Infect. Dis. 60: 
335-355. 

Dack, G. M., T. E. Heinz, L. R. Dragstedt. 1935. Ulcerative 
colitis. Study of bacteria in the isolated colons of three 
patients by cultures and by inoculation of monkeys. 
Arch. Surg. 31:225-240. 

Davis, D. X, I. Pilot. 1922. Studies of Bacillus fusiformis and 
Vincent’s spirochete. I. Habitat and distribution of these 
organisms in relation to putrid and gangrenous pro- 
cesses. X Amer. Med. Ass. 79:944-951. 

Dehazya, P, R. X Coles, Jr. 1980. Agglutination of human 
erythrocytes by Fusobacterium nucleatum: factors influ- 
encing hemagglutination and some characteristics of the 
agglutinin. X Bacteriol. 143:205-211. 

Egerton, X R., D. S. Roberts. 1971. Vaccination against ovine 
foot-rot. X Comp. Pathol. 81:179-185. 

Egerton, X R., D. S. Roberts, I. M. Parsonson. 1969. The 
aetiology and pathogenesis of ovine foot-rot. I. A histo- 
logical study of the bacterial invasion. X Comp. Pathol. 
79:207-216. 

Eggerth, A. H., B. H. Gagnon. 1933. The bacteroides of 
human feces. X Bacteriol. 25:389-413. 

Ellermann, V. 1904. Uber die Kultur der fusiformen Bacillen. 
Cbl Bakteriol. Parasiten. Infektkr. Abt. I Grig. 37:729- 
730. 

Emery, D. L. 1988. Approaches to identify and neutralize 
virulence determinants of Fusobacterium and Bacteroi- 
des spp. 343-362. X A. Roth (ed.) Virulence mechanisms 
of bacterial pathogens. American Society for Microbiol- 
ogy, Washington D.C. 

Emery, D. L., X A. Vaughan. 1986. Generation of immunity 
against Fusobacterium necrophorum in mice inoculated 
with extracts containing leucocidin. Vet. Microbiol. 
12:255-268. 

Fales, W. H., G. W. Teresa. 1972a. A selective medium for the 
isolation of Sphaerophorus necrophorus. . Am. X Vet. 
Res. 33:2317-2321. 

Fales, W. H., G. W. Teresa. 1972b. Fluorescent antibody tech- 
nique for identifying isolates of Sphaerophorus necro- 
phorus of bovine hepatic abscess origin. Am. X Vet. Res. 
33:2323-2329. 

Fales, W. H., X F. Warner, G. WTeresa. 1977. Effects of 
Fusobacterium necrophorum leukotoxin on rabbit peri- 
toneal macrophages in vitro. Am. X Vet. Res. 38:491-495. 

Falkler, W. H., Jr., C. E. Hawley. 1977. Hemagglutinating 
activity of Fusobacterium nucleatum. Infect. Immun. 
15:230-238. 

Felner, X M., V. R. Dowell, Jr. 1971. “Bacteroides” bactere- 
mia. Am. X Med. 50:787-796. 



CHAPTER 14.12 



The Genus Fusobacterium 1025 



Fievez, L. 1963. Etude comparee des souches de Sphaeropho- 
rus necrophorus isolees de L’homme et chez L’ animal. 
Monographie, Presses Academiques Europeennes. 
Brussel. 

Finegold, S. 1977. Anaerobic bacteria in human disease. Aca- 
demic Press, New York. 

Finegold, S. M., H. R. Attebery, V. L. Sutter. 1974. Effect of 
diet on human fecal flora: Comparison of Japanese and 
American diets. Am. J. Clin. Nutr. 27:1456-1469. 

Finegold, S. M., D. J. Flora, H. R. Attebery, V. L. Sutter. 1975. 
Fecal bacteriology of colonic polyp patients and control 
patients. Cancer Res. 35:3407-3417. 

Foglesong, M. A., D. L. Cruden, A. J. Markovetz. 1984. Ple- 
omorphism of fusobacteria isolated from the cockroach 
hindgut. J. Bacteriol. 158:474-480. 

Fuller, R., M. Lev. 1964. Quantitative studies on some of the 
Gram-negative anaerobic bacteria in the pig alimentary 
tract. J. Appl. Bacteriol. 27:434-438. 

Gainer, R. S. 1983. Necrobacillosis in wildebeest calves. J. 
Wildlife Dis. 19:155-156. 

Garcia, M. M., D. C. Alexander, K. A. McKay. 1975a. Bio- 
logical characterization of Fusobacterium necrophorum 
cell fractions in preparation for toxin and immunization 
studies. Infect. Immun. 11:609-616. 

Garcia, M. M., K. M. Charlton, K. A. McKay. 1975b. Char- 
acterization of endotoxin from Fusobacterium necro- 
phorum. Infect. Immun. 11:371-379. 

Gharbia, S. E. 1987. A biochemical approach to the study of 
the genus Fusobacterium. The University of Kuwait. 

Gharbia, S. E., H. N. Shah. 1988a. Glucose utilization and 
growth response to protein hydrolysates by Fusobacte- 
rium species. Curr. Microbiol. 17:229-234. 

Gharbia, S. E., H. N. Shah. 1988b. Characteristics of 
glutamate dehydrogenase, a new diagnostic marker of 
the genus Fusobacterium. J. Gen. Microbiol. 134:327- 
332. 

Gharbia, S. E., H. N. Shah, S. G. Welch. 1989. The influence 
of peptides on the uptake of amino acids in Fusobacte- 
rium’, predicted interactions with Porphyromonas gingi- 
valis. Curr. Microbiol. 19:231-235. 

Gorbach, S. L., K. B. Menda, H. Thadepalli, L. Keith. 1973. 
Anaerobic microflora of the cervix in healthy women. 
Am. J. Obst. Gyn. 117:1053-1055. 

Graham, N. P. H., J. R. Egerton. 1968. Pathogenesis of ovine 
foot-rot: The role of some environmental factors. Aust. 
Vet. J. 44:235-240. 

Griffin, M. H. 1970. Fluorescent antibody techniques in the 
identification of Gram-negative nonsporeforming 
anaerobes. Hlth Lab. Sci. 7:78-83. 

Hadi, A. W, C. Russel. 1969. Fusiforms in gingival mate- 
rial. Quantitative estimations from normal individuals 
and cases of periodontal disease. Brit. Dent. J. 126:83- 
84. 

Hamp, E. G, S. E. Mergenhagen. 1963. Experimental intra- 
cutaneous fusobacterial and fusospirochetal infections. 
J. Infect. Dis. 112:84-99. 

Hardie, J. M., G. H. Bowden. 1974. The normal flora of the 
mouth. 47-83. F. A. Skinner and J. G. Carr (ed.) The 
normal microbial flora of man. Society for Applied Bac- 
teriology Symposium Series No. 3. Academic Press, 
London. 

Henry, S., A. DeMaria, Jr., W. R. McCabe. 1983. Bacteremia 
due to Fusobacterium species. Am. J. Med. 75:225-231. 

Hill, G. B., S. Osterhout, P. C. Pratt. 1974. Liver abscess 
production by nonsporeforming anaerobic bacteria in a 
mouse model. Infect. Immun. 9:599-603. 



Hite, K. E., H. C. Hesseltine, L. Goldstein. 1947. A study of 
the bacterial flora of the normal and pathological vagina 
and uterus. Am. J. Obst. Gyn. 53:233-240. 

Hofstad,T.,T. Kristoffersen. 1971. Preparation and chemical 
characteristics of endotoxic lipopolysaccharide from 
three strains of Sphaerophorus necrophorus. Acta 
Pathol. Microbiol. Scand., Sect B 79:383-390. 

Holdeman, L. V, E. P. Cato, W. E. C. Moore. 1977. Anaerobe 
laboratory manual. 4th ed., Blacksburg. VPI Anaerobe 
Laboratory, Virginia Polytechnic Institute and State 
University, VA. 

Holdeman, L. V, I. J. Good, W. E. C. Moore. 1976. Human 
fecal flora: Variation in bacterial composition within 
individuals and a possible effect of emotional stress. 
Appl. Environ. Microbiol 31:359-376. 

Horne, H. 1898-1899. Renens klovsyge. Nor. Vet. tidsskr. 10- 
11:97-110. 

Hurst, V. 1957. Fusiformis in the infant mouth. J. Dent. Res. 
36:513-515. 

Hussein, H. E., M. T. A. Shigidi. 1974. Isolation of Sphaero- 
phorus necrophorus from bovine liver abscess in the 
Sudan. Trop. An. Hlth. 6:253-254. 

Ishii, T, M. Kanoe, T. Inoue, K. Kai, H. Blobel. 1988. Cyto- 
toxic effects of a leukocidin from Fusobacterium necro- 
phorum on bovine hepatic cells. Med. Microbiol. 
Immunol. 177:27-32. 

Jensen, C. 0. 1913. Die vom Nekrosebacillus (Bacillus necro- 
seos) hervorgerutenen Krankheiten. 234-250. W. Kobe 
and A. von Wassermann (ed.) Handbuch der pathogenen 
Mikroorganismen, vol. 6. Gustav Fischer Verlag, Jena. 

Jensen, R., J. Flint, L. A. Griner. 1954. Experimental hepatic 
necrobacillosis in beef cattle. Am. J. Vet. Res. 15:5-14. 

Jensen, R., D. R. MacKay. 1965. Diseases of feedlot cattle. 
Lea & Febiger. Philadelphia, 

Kanoe, M., H. Imagawa, M.Toda, A.Sato, M.Inoue, 
Y.Yoshimoto. 1976. Bacteriology of bovine hepatic 
abscesses. Jpn. J. Vet. Sci. 38:263-268. 

Kaufman, E. X, P. A. Mashimo, E. Hausmann, C. T. Hanks, 
S. A. Ellison. 1972. Fusobacterial infection. Enhance- 
ment by cell free extracts of Bacteroides melaninogeni- 
cus possessing collagenolytic activity. Arch. Oral Biol. 
17:577-580. 

Knorr, M. 1923. Uber die fusospirillare Symbiose, die Gat- 
tung Fusobacterium (K. B. Lehmann) und Spirillum 
sputigenum. II. Mitteilung. Die Gattung Fusobacterium. 
Zbl. Bakteriol. Parasitenk. Infektkr. Abt. 1 Orig. 89:4- 
22 . 

Krygier, G, R. J. Genco, P. A. Mashimo, E. Hausmann. 1973. 
Experimental gingivitis in Macaca speciosa monkeys: 
Clinical, bacteriological and histological similarities to 
human gingivitis. J. Periodontol. 44:454-463. 

Langworth, B. F. 1977. Fusobacterium necrophorum’. Its char- 
acteristics and role as animal pathogen. Bacteriol. Rev. 
44:373-390. 

Lemierre, A. 1936. On certain septicaemias due to anaerobic 
organisms. Lancet ii:701-703. 

Lewis, K. H., L. F. Rettger. 1940. Non-sporulating anaerobic 
bacteria of the intestinal tract. J. Bacteriol. 40:287-307. 

Lewkowicz, X. 1901. Recherches sur la flore microbienne de 
la bouche des nourrissons. Arch. Med. Exp. 13:633-660. 

Loeffler,F. 1884. Bacillus der Kalberdiphterie. Mittheilungen 
aus dem Kaiserlichen Gesundheitsamte 2:493-499. 

Loesche, W. J. 1969. Oxygen sensitivity of various anaerobic 
bacteria. Appl. Microbiol. 18:723-727. 

Love, D. N., E. P. Cato, J. L. Johnson, R. F. Jones, M. Bailey. 
1987. Deoxyribonucleic acid hybridization among 



1026 T. Hofstad 



CHAPTER 14.12 



strains of fusobacteria isolated from soft tissue infec- 
tions of cats: comparison with human and animal type 
strains from oral and other sites. Int. J. Syst. Bacteriol. 
37:23-26. 

Love, D. N., R. F. Jones, M. Bailey. 1980. Characterization of 
Fusobacterium species isolated from soft tissue infec- 
tions in cats. J. Appl. Bacteriol. 48:325-331. 

McCarthy, C, M. L. Snyder, R. B. Parker. 1965. The indige- 
nous oral flora of man. I. The newborn to the 1 -year-old 
infant. Arch. Oral Biol. 10:61-70. 

McClung, L. J., R. Toabe. 1947. The egg yolk plate reaction 
for the presumptive diagnosis of Clostridium sporogenes 
and certain species of the gangrene and botulinum 
groups. J. Bacteriol. 53:139-147. 

Maier, B. R., M. A. Flynn, G. C. Burton, R. K. Tsukakawa, 
D. J. Hentges. 1974. Effects of a high-beef diet on bowel 
flora: A preliminary report. Am. J. Clin. Nutr. 27:1470- 
1474. 

Mettam, R. W. M., J. Carmichael. 1933. Necrobacillosis in 
recently captured antelope in Uganda. J. Comp. Pathol. 
46:16-24. 

Miller, W. D. 1889. Die Mikroorganismen der Mundhohle. 
Die ortlichen and allgemeinen Erkrankungen welche 
durch dieselben hervorgerufen werden. Georg Thieme 
Verlag, Leipzig. 

Moore, W. E. C. 1966. Techniques for routine culture of fas- 
tidious anaerobes. Int. J. Syst. Bacteriol. 16:173-190. 

Moore, W. E. C., L. V. Holdeman. 1974a. Genus II Fusobac- 
terium. Knorr 1922. 404-416.R. E. Buchanan, and N. E. 
Gibbons (ed.) Bergey’s manual of determinative bacte- 
riology, 8th ed. The Williams and Wilkins Company, 
Baltimore. 

Moore, W. E. C., L. V. Holdeman. 1974b. Human fecal flora: 
The normal flora of 20 Japanese-Hawaiians. Appl. Envi- 
ron. Microbiol. 27:961-979. 

Moore, W. E. C, L. V. Holdeman, E. P. Cato, M. Smibert, J. 
A. Burmeister, R. R. Ranney. 1983. Bacteriology of 
moderate (chronic) periodontitis in mature adult 
humans. Infect. Immun. 42:510-515. 

Moore, W. E. C., L. V. Holdeman, R. M. Smibert, D. E. Hash, 
J. A. Burmeister, R. R. Ranney. 1982. Bacteriology of 
seven periodontitis in young adults human. Infect. 
Immun. 38:1137-1148. 

Moore-Gillon, J., T. M. Lee, S. J. Eykyn, I. Philips. 1984. 
Necrobacillosis: a forgotten disease. Brit. Med. J. 
288:1526-1527. 

Morgenstein, A. A., D. M. Citron, S. M. Finegold. 1981. New 
medium selective for Fusobacterium species and differ- 
ential for Fusobacterium necrophorum. J. Clin. Micro- 
biol. 13:666-669. 

Nagai, S., M. Kanoe, M. Toda. 1984. Purification and partial 
characterization of Fusobacterium necrophorum hemag- 
glutins. Zbl. Bakteriol. A258:232-241. 

Newsom, I. E. 1938. A bacteriologic study of liver absceses 
in cattle. J. Infect. Dis. 63:232-233. 

Nolechek, W. F. 1918. Necrobacillosis in horses and mules. J. 
Am. Vet. Med. Ass. 54:150-155. 

Ohtani, F. 1970a. Selective media for the isolation of Gram- 
negative anaerobic rods. Jpn. J. Bacteriol. 25:222-232. 

Ohtani, F. 1970b. Selective media for the isolation of Gram- 
negative anaerobic rods. Part II. Distribution of Gram- 
negative anaerobic rods in feces of normal human 
beings. Jpn. J. Bacteriol. 25:292-299. 

Oliphant, J. C., R. Parsons, G. R. Smith. 1984. Aetiological 
agents of necrobacillosis in captive wallabies. Res. Vet. 
Sci. 36:382-384. 



Omata, R. R., M. N. Disraely. 1956. A selective medium for 
oral fusobacteria. J. Bacteriol. 72:677-680. 

Onderdonk, A. B., J. G. Bartlett, T. Louie, N. Sullivan-Seigler, 
S. L. Gorback. 1976. Microbial synergy in experimental 
intra-abdominal abscess. Infect. Immun. 13:22-26. 

Panel, Report. 1973. Foot rot among cattle. Panel Report. 
Modern Vet. Practice 54:63-65. 

Parsonson, I. M., J. R. Egerton, D. S. Roberts. 1967. Ovine 
interdigital dermatitis. J. Comp. Pathol. 77:309-313. 

Peach, S., F. Fernandez, K. Johnson, B. S. Drasar. 1974. The 
nonsporing anaerobic bacteria in human faeces. J. Med. 
Microbiol. 7:213-221. 

Plant, H. C. 1894. Studien zur Bakteriellen Diagnostik der 
Diphterie und der Anginen. Dtsch Med. Wschr. 20:920- 
923. 

Porschen, R. K., S. Sonntag. 1974. Extracellular deoxyribo- 
nuclease production by anaerobic bacteria. Appl. Micro- 
biol. 27:1031-1033. 

Pratt, J. S. 1927. On the biology of B. fusiformis. J. Infect. Dis. 
41:461-466. 

Prevot, A. R. 1938. Etudes de systematique bacterienne. III. 
Invalidite du genre Bacteroides. Castellani et Chalmers. 
Demembrement et reclassification. Ann. Inst. Pasteur 
60:285-307. 

Prevot, A. R., P. Goret, L. Joubert, P. Tardieux, N. Aladame. 
1951. Recherches bacteriologiques sur une infection 
purulente d’ allure actinomycosique chez le chat. Ann. 
Inst. Pasteur 81:85-88. 

Pribram, E. 1929. A contribution to the classification of 
microorganisms. J. Bacteriol. 18:361-394. 

Richardson, R. L., M. Jones. 1958. A bacteriolytic census of 
human saliva. J. Dent. Res. 37:697-709. 

Roberts, D. S. 1967a. The pathogenic synergy of Fusiformis 
necrophorus and Cory neb acterium pyogenesngenuspec 
6. 1. Influence of the leucocidal exotoxin of F. necropho- 
rus. Brit. J. Exp. Pathol. 48:665-673. 

Roberts, D. S. 1967b. The pathogenic synergy of Fusiformis 
necrophorus and Cory neb acterium pyogenes. II. The 
response of F. necrophorus to a Alterable product of C. 
pyogenes.. Brit. J. Exp. Pathol. 48:674-679. 

Roberts, D. S., J. R. Egerton. 1969. The aetiology and patho- 
genesis of ovine foot-rot. II. The pathogenic association 
of Fusiformis nodosus and F. necrophorus. J. Comp. 
Pathol. 79:217-227. 

Roberts, D. S., N. P. H. Graham, J. R. Egerton, I. M. Parsonson. 
1968. Infective bulbous necrose (heel abscess) of sheep, 
a mixed infection with Fusiformis necrophorus and 
Cory neb acterium pyogenes. J. Comp. Pathol. 78:9-17. 

Robinson, D. A., R. J. Hay. 1985. Tropical ulcer in Zambia. 
Trans. Roy. Soc. Trop. Med. Hyg. 80:132-137. 

Robrish, S. A., C. Oliver, J. Thomson. 1987. Amino acid- 
dependent transport of sugar by Fusobacterium nuclea- 
tum ATCC 10953. J. Bacteriol. 169:3891-3897. 

Samuel, J. L. 1983. Jaw disease in macropod marsupials: Bac- 
terial flora isolated from lesions and from the mouths of 
affected animals. Vet. Microbiol. 8:373-387. 

Scanlan, C. M., J. N. Berg, W. H. Fales. 1982. Comparative in 
vitro leukotoxin production of three bovine strains of 
Fusobacterium necrophorum. Am. J. Vet. Res. 43:1329- 
1333. 

Schmorl, G. 1891. Uber ein pyogenes Fadenbacterium (Strep- 
tothrix cuniculi). Dsch. Z. Tiermed. Pathol. 17:375-408. 

Sebald, M. 1962. Etude sur les bacteries anaerobies gram- 
negatives asporulees. University of Paris. 

Shimada, K., K. S. Bricknell, S. M. Finegold. 1969. Deconju- 
gation of bile acids by intestinal bacteria: Review of 



CHAPTER 14.12 



The Genus Fusobacterium 1027 



literature and additional studies. J. Infect. Dis. 119:273- 
281. 

Shinjo, T, H. Kiyoyma. 1986. Pathogenicity of a non- 
haemagglutinating mutant strain of Fusobacterium 
necrophorum biovar A in mice. Jpn J. Vet. Sci. 48:523- 
527. 

Simon, P. C. 1975. A simple method for rapid identification 
of Sphaerophorus necrophorus isolates. Can. J. Comp. 
Med. Vet. Sci. 39:349-353. 

Simon, P. C, P. L. Stovell. 1969. Diseases of animals associ- 
ated with Sphaerophorus necrophorus: characteristics of 
the organism. Vet. Bull. 39:311-315. 

Simon, P. C, P. L. Stovell. 1971. Isolation of Sphaero phorus 
necrophorus from bovine hepatic abscesses in British 
Columbia. Can. J. Comp. Med. Vet. Sci. 35:103-106. 

Slanetz, L. W., L. F. Rettger. 1933. A systematic study of the 
fusiform bacteria. J. Bacteriol. 26:599-617. 

Slots, J.,T. V. Potts. 1982. Fusobacterium simiae, a new species 
from monkey dental plaque. Int. J. Syst. Bacteriol. 
32:191-194. 

Slots, J., T. V. Potts, P. A. Mashimo. 1983. Fusobacterium 
periodonticum, a new species from the human oral cav- 
ity. J. Den. Res. 62:960-963. 

Smith, L. D. 1975. The pathogenic anaerobic bacteria 2nd 
ed. 62-63. A. Balows (ed.) American lectures in clinical 
microbiology. Charles C. Thomas, Springfield, IL. 

Spaulding, E. H., L. F. Rettger. 1937. The Fusobacterium 
genus. I. Biochemical and serological clasification. J. 
Bacteriol. 34:535-548. 

Stauffer, L. R., E. O. Hill, J. W. Holland, W. A. Altemeier. 
1975. Indirect fluorescent antibody procedure for the 
detection and identification of Bacteroides and Fusobac- 
terium in clinical specimens. J. Clin. Microbiol. 2:337- 
344. 

Stewart, D. J., B. L. Clark, J. E. Peterson, D. A. Griffiths, E. 
F. Smith. 1982. Importance of pilus-associated antigen in 
Bacteroides nodosus vaccines. Res. Vet. Sci. 32:140-147. 

Sutter, V. L., D. M. Citron, M. A. C. Edelstein, S. M. Finegold. 
1985. Wadsworth anaerobic bacteriology manual, 4th. 
ed. Star Publishing Company, Belmont, CA. 

Sutter, V. L., P. T. Sugihara, S. M. Finegold. 1971. Rifampin- 
blood-agar as a selective medium for the isolation of 
certain anaerobic bacteria. Appl. Microbiol. 22:777-780. 

Sveen, K., T. Hofstad, K. C. Milner. 1977. Lethality for mice 
and chick embryos, pyrogenicity in rabbits and ability to 
gelate lysates from amoebocytes of Limulus polyphemus 
by lipopolysaccharides from Bacteroides, Fusobacterium 
and Veillonella. Acta Pathol. Microbiol. Scand. Sect. B 
85:388-396. 

Syed, S. A. 1972. Biochemical characteristics of Fusobacte- 
rium and Bacteroides species from mouse cecum. Can. 
J. Microbiol. 18:169-174. 

Terada, A., K. Uchida, T. Mitsuoka. 1976. Die Bacteroida- 
ceenflora in den Faeces von Schweinen. Zbl. Bakteriol. 
Parasitenk. Infektkr. Hyg. Orig. A 234:362-370. 

Tissier, H. 1905. Repartition des microbes dans I’intestin du 
nourrison. Ann. Inst. Pasteur 19:109-123. 

Trust, T. X, L. M. Bull, B. R. Currie, X T. Buckley. 1979. 
Obligate anaerobic bacteria in the gastrointestinal 
microflora of the grass carp (Ctenopharyngodon idella). 



goldfish (Carassius auratus), and rainbow trout {Salmo 
gairdneri). X Fish. Res. Board Can. 36:1174-1179. 

Ueno, K., P. T. Sugihara, K. S. Brichnell, H. R. Attebery, V. 
L. Sutter, S. M. Finegold. 1974. Comparison of charac- 
teristics of Gram-negative anaerobic bacilli isolated 
from feces of individuals in Japan and the United States. 
135-148. A. Balows, R. M. DeHaan, V. R. Dowell Jr., 
and L. B. Guze (ed.) Anaerobic bacteria: Role in dis- 
ease. Charles C Thomas, Springfield, IL. 

van Assche, F. F, A. T. Wilssens. 1977. Fusobacterium perfoe- 
tens (Tissier) Moore and Holdeman 1973: Description 
and proposed neotype strains. Int. X Syst. Bacteriol. 
27:1-5. 

van Houte, X, R. X Gibbons. 1966. Studies of the cultivable 
flora of normal human feces. Antonie van Leeuwenhoek 
X 32:212-222. 

Veillon, A., A. Zuber. 1898. Recherches sur quelques 
microbes strictement anaerobies et leur role en pathol- 
ogic. Arch. Med. Exp. 10:517-545. 

Vincent, H. 1896. Sur I’etiologie et sur les lesions anato- 
mopathologique de la pourriture d’Hopital. Ann. Inst. 
Pasteur 10:488-510. 

Vincent, H. 1899. Recherches bacteriologiques sur I’angine a 
Bacillus fusiformis. Ann. Inst. Pasteur 13:609-620. 

Vincent, H. 1904. Etiologie de la stomatite ulcero-membra- 
neuse primitive. Compt. Rend. Soc. Biol. (Paris) 56:311- 
313. 

Wahren, A., K. Bernholm, T. Holme. 1971. Formation of 
proteolytic activity in continuous culture of Sphaeropho- 
rus necrophorus. . Acta Pathol. Microbiol. Scand. Sect. B 
79:391-398. 

Wahren, A., T. Holme. 1973. Amino acid and peptide require- 
ment of Fusiformis necrophorus. Bacteriol. 116:279-284. 

Walker, C. B., D. Ratlitt, D. Muller, R. Mandell, S. S. Socran- 
sky. 1979. Medium for selective isolation of Fusobacte- 
rium nucleatum from human periodontal pockets. X 
Clin. Microbiol. 10:844-849. 

Warner, F, W. H. Fales, M. C. Sutherland, G. W. Teresa. 1975. 
Endotoxin from Fusobacterium necrophorum of bovine 
hepatic abscess origin. Am. X Vet. Res. 36:1015-1019. 

Weinberg, M., R. Nativelle, A. R. Prevot. 1937. Les microbes 
anaerobies. Masson et Cie, Paris. 

Weiss, X E., L. F. Rettger. 1937. The Gram-negative bacteroi- 
des of the intestine. X Bacteriol. 33:423-434. 

Werner, H. 1972a. A comparative study of 55 Sphaerophorus 
strains. Differentiation of 3 species: Sphaerophorus 
necrophorus, Sph. varius and Sph. freundii. Med. Micro- 
biol. Immunol. 157:299-314. 

Werner, H. 1972b. Anaerobierdifferenzierung durch 
gaschromatographische Stoffwechselanalysen. Zbl Bak- 
teriol. Parasitenk. Infektkr. Hyg. Orig. A 220:446-451. 

Werner, H., F. Neuhaus, H. Hussels. 1971. A biochemical 
study of fusiform anaerobes. Med. Microbiol. Immunol. 
157:10-16. 

Werner, H., G. Pulverer. 1971. Haufigkeit und medizinische 
Bedeutung der eiterregenden Bacteroides and Sphaero- 
phorus-diXi&n. Dsch. Med. Wschr. 96:1325-1329. 

Williams, B. L., R. M. Pantalone, X C. Sherris. 1976. Subgin- 
gival microflora and periodontitis. X Periodont. Res. 
11:1-18. 



Prokaryotes (2006) 7:1028-1037 
DOI: 10.1007/0-387-30747-8_52 

CHAPTER 14.13 

Prokaryotic Symbionts of Amoebae and Flagellates 
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Amoebae and flagellates have long been known 
to be associated with both extracellular and 
intracellular symbionts (Hall, 1969; Kirby, 1941a; 
Lee et al., 1985). The presence of prokaryotic 
symbionts on and in flagellates and in some 
amoebae, as observed by light microscopy, was 
reported by several authors during the late 1800s 
and the early part of this century, as was compre- 
hensively reviewed by Kirby (1941a). Symbiont- 
bearing flagellates were chiefly found in termite 
guts, and only a few free-living flagellates were 
found to have adhering symbionts. Hall (1969) 
extensively reviewed the literature on symbionts 
of protozoa published since 1941. Both in flagel- 
lates and amoebae, the suspected presence of 
some of the small bacterial symbionts had to be 
confirmed later by more sophisticated methods 
such as electron microscopy and specific staining. 

Amoebae and flagellates represent two very 
diverse groups of protozoa and it is not possible 
to cover all known prokaryotic symbionts in 
depth. In this chapter, we shall simply list known 
symbionts described in the above two reviews in 
a tabular form (Tables 1 and 2) and then consider 
newly found symbionts or results of recent stud- 
ies on earlier symbionts in some detail. The 
significance of symbiotic relationships remains 
obscure in most cases and in only a few instances 
has the host-symbiont relationship been studied 
in detail. Some disagreements remain about 
whether the term “symbiosis” should be limited 
to associations where definite benefits have been 
proven to exist or not. In this chapter, we shall 
use the broader definition of symbiosis to include 
parasitism, commensalism, and mutualism, as 
did Kirby (1941a) and Hall (1969). Thus, the list 
of prokaryotic symbionts will include those 
whose relationships to their hosts are not known 
or may not be mutually beneficial. 

The heightened interest in cellular symbiosis 
in recent years has been stimulated, in part, by 
the notion that eukaryotic cell organelles such as 
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mitochondria, chloroplasts, and microtubules 
may have originated from endosymbionts, i.e., 
the Serial Endosymbiosis Theory (Sagan, 1967; 
Margulis, 1970, 1981; Taylor, 1974; papers in Lee 
and Fredrick, 1987). Some authors have felt that 
the role of endosymbiosis in the origin of eukary- 
otic cell organelles has not yet been clearly estab- 
lished (Gray and Doolittle, 1982), but the theory 
is gaining wider support in view of recent results 
on the close relationship between the ribosomal 
RNAs of prokaryotes and those of chloroplasts 
and mitochondria (e.g., Watson et al., 1987). It 
should be noted that an opposing view has 
existed, according to which such organelles 
evolved as a result of autogenous intracellular 
differentiation without involving symbionts 
(Cavalier-Smith, 1975; Raff and Mahler, 1972; 
Uzzell and Spolsky, 1974, 1981). 

Meanwhile, it is interesting to note that 
Pelomyxa palustris, which does not have mito- 
chondria (Daniels et al., 1965; Leiner and 
Wohlfeil, 1953) contains several types of intra- 
cellular symbionts (Daniels, 1973), and the sug- 
gestion has been made that such symbionts may 
carry out metabolic functions in place of mito- 
chondria (Chapman-Andresen, 1971). Bacteria 
present in R palustris have been found to be 
methanogenic (van Bruggen et al., 1983, 1985; 
see also The Methanogenic Bacteria) and may 
function as electron sinks related to energy pro- 
duction, comparable to mitochondrial function 
in aerobic eukaryotic cells. 

In the case of amoeba-bacteria symbiosis, the 
D strain of Amoeba proteus became spontane- 
ously infected with a large number (60,000- 
150,000 bacteria per amoeba) of rod-shaped 
Gram-negative bacteria (Jeon and Lorch, 1967). 
Initially, the bacteria were harmful and brought 
about damaging effects to their hosts, called xD 
amoebae, such as reduced cell size, slower cell 
growth, increased membrane fragility, sensitivity 
to starvation, and a poor clonability. When intro- 
duced into symbiont-free D amoebae, the bacte- 
ria multiplied and killed their new hosts within a 
few host cell generations. However, adverse 
effects of infection gradually diminished over a 
period of about 1 year, and the bacteria became 
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Table 1. 



Symbiont name or type 


Host species (origin) 


Reference 


Methanobacterium 


Mastigella 


Goldschmidt, 1907 


Methanobacterium 


Pelomyxa 


Gould- Veley, 1905 


Schizomycetes 


Pelomyxa 


Penard, 1902 


Bacilli 


Acanthamoeba sp. 


Hall and Voelz, 1985 


Bacilli 


Acanthamoeba castellanii 


Drozanski, 1956 


Bacilli 


Amoeba proteus (Chicago) 


Roth and Daniels, 1961 


Bacilli (X-bacteria) 


A. proteus (Scotland) 


Jeon and Lorch, 1967 


Cocci 


A. albida 


Nagler, 1910 


Cocci 


A. proteus 


Cohen, 1957 


Micrococci 


Entamoeba minchini 


Mackinnon, 1914 


Micrococci 


E. muris 


Wenyonl907 


Micrococci 


Sappinia 


Dangeard, 1896 



Table 2. 



Symbiont name or type 


Host species (origin) 


Reference 


Ectosymbionts 


Green bacteria 


Mastigamoeba 


Lauterborn, 1916 


Eusiformis 


Caduceia 


Kirby, 1936 


Eusiformis 


Devescovina 


Duboscq and Grasse, 1926 


Eusiformis 


Poaina signata 


Kirby, 1942b 


Eusiformis 


Lophomonas 


Grasse, 1926 


Eusiformis 


Mactrichomonas 


Kirby, 1942a 


Eusiformis 


Polymastix 


Grasse, 1926 


Treponema 


Devescovina 


Duboscq and Grasse, 1926 


Bacilli 


Barbulanympha 


Cleveland et ah, 1934 


Bacilli 


Bullanympha 


Kirby, 1938b 


Bacilli 


Chrysostephanosphaera 


Geitler, 1948 


Bacilli 


Kalotermes 


Kirby, 1938a 


Bacilli 


Lophomonas striata 


Beams et al., 1960 


Bacilli 


Macrotrichomonas 


Kirby, 1938b 


Bacilli 


Metapolystoma 


Skuja, 1958 


Bacilli 


Oxymonas grandis 


Cross, 1946 


Bacilli 


Rhynchonympha 


Cleveland et al., 1934 


Bacilli 


Streblomastix strix 


Grimstone, 1961 


Bacilli 


Trichonympa 


Kirby, 1932 


Bacilli 


Urinympha 


Cleveland et al., 1934 


Spirochetes 


Devescovina vestita 


Kirby, 1941b 


Spirochetes 


Holomastigotoides 


Koidzumi, 1921 


Spirochetes 


Hyperdevescovina 


Nurse, 1945 


Spirochetes 


Mixotricha 


Cleveland and Grimstone, 1964 


Spirochetes 


Rostronympha 


Duboscq et al., 1937 


Spirochetes 


Spirotrichonympha 


Sutherland, 1933 


Spirochetes 


Spirotrichonymphella 


Sutherland, 1933 


Endosymbionts 


Carococcus 


Trichonympha 


Kirby, 1944 


Pseudomonas 


Volvox aureaus 


Hamburger, 1958 


Bacilli 


Costia pyriformis 


Davis, 1943 


Bacilli 


Euglenoids 


Tschermak-Woess, 1950 


Bacilli 


Gigantomonas 


Kirby, 1949 


Bacilli 


Hyperdevescovina 


Kirby, 1946 


Bacilli 


Macrotrichomonas 


Kirby, 1942a 


Bacilli 


Volvox carteri 


Kochert and Olson, 1970 


Bacilli (bipolar body) 


Strigomonas 


Newton and Horne, 1957 


Bacilli (diplosome) 


Blastocrithidia 


Novey et al., 1907 
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less virulent, bacteria-bearing xD amoebae 
growing well with near-normal growth rates. 
Also, some of the newly infected D amoebae 
survived, indicating a reduced virulence as com- 
pared to earlier infection. 

Within a few years, host amoebae became 
dependent on their endosymbionts (Jeon, 1972). 
Thus, xD amoebae lost viability when they were 
deprived of endosymbionts either by nuclear 
transplantation (Jeon and Jeon, 1976), by treat- 
ment with antibiotics (Jeon and Hah, 1977), or 
by raising the culture temperature (Jeon and 
Ahn, 1978). Aposymbiotic xD amoebae could 
be resuscitated only by reintroducing live X- 
bacterial symbionts (Lorch and Jeon, 1980). 
Newly infected amoebae became dependent on 
their symbionts after about 200 cell generations 
or 18 months. The reason for the hosts’ depen- 
dence is not known, but preliminary evidence 
suggests that a symbiont-synthesized protein 
may be required for the survival of hosts. When 
xD amoebae are grown in the presence of 
chloramphenicol (100-700 pg/ml) or rifampicin 
(125pg/ml), the synthesis of a unique 29-kDa 
polypeptide by endosymbionts is instantly sup- 
pressed and xD amoebae die much sooner than 
do symbiont-free D amoebae (Kim and Jeon, 
1986, 1987a). The symbiont’s gene coding for the 
xD-specific protein has been cloned (Park and 
Jeon, 1988) and its nucleotides sequenced (Park 
and Jeon, 1989). The symbiotic bacteria were 
found to accumulate host actin selectively (Kim 
and Jeon, 1987b), as studied using a monoclonal 
antibody against the amoeba actin. Thus, in this 
example, the transition of spontaneously infect- 
ing parasites to required cell components was 
observed while it occurred (Jeon, 1980, 1983, 
1986, 1987). While the host’s dependence on 
symbionts developed over 200 host cell genera- 
tions, some physiological characters changed 
after a few host cell divisions (Lorch and Jeon, 
1981, 1982). 

In Blastocrithidia culicis and Crithidia onco- 
pelti, symbiotic bacteria were found to supply 
their hosts with lysine (Gill and Vogel, 1962, 
1963), hemin (Guttman and Eisenman, 1965; 
Chang and Trager, 1974; Newton, 1956, 1957), 
and other nutritional factors. An aposymbiotic 
host, produced by growing symbiont-bearing 
cells in the presence of chloramphenicol, 
required exogenous hemin for growth. The ecto- 
symbiotic spirochetes on Myxotricha were found 
to help their host move by their coordinated 
undulation while the host’s flagella functioned 
only to steer its movement (Cleveland and Grim- 
stone, 1964). Flagella of prokaryotic symbionts 
attached to Cryptotermes were also found to help 
propel the host cell (Tamm, 1978b). 

These are a few examples in which protozoan 
hosts and prokaryotic symbionts have developed 



an intimate relationship, and symbiont integra- 
tion and host-symbiont interactions have been 
experimentally studied. 



Habitats 

General 

The host-symbiont relationship appears to be 
somewhat speciflc for both ecto- and endosym- 
bionts, since certain symbionts are almost always 
found associated with given hosts (Hall, 1969; 
Kirby, 1941a). However, the mechanism for spe- 
ciflc recognition of the host by symbionts is not 
known. For ectosymbionts, their only require- 
ment for continuing symbiotic association with 
their hosts would be to stay attached to their 
host-cell surfaces. Some symbionts cover the 
whole surface of their host, while others are lim- 
ited to certain areas of the host’s body (Kirby, 
1941a). In some cases, specialized attachment 
sites such as brackets and underlying network of 
fibrous strands are present, as in Myxotricha 
(Fig. lA; Cleveland and Grimstone, 1964). On 
the basis of extensive electron-microscopic 
observations, Cleveland and Grimstone recon- 
structed the attachment complexes as shown in 
Fig. IB. Tamm (1978a) also found membrane 
specialization where two kinds of bacteria, 
rod-shaped and filamentous, were attached to 
Crytptotermes cavifrons. Thus, the attachment of 
ectosymbionts is not haphazard but appears to 
be helped by structural adaptations on the part 
of host cells. 

For endosymbionts, their habitat in the cyto- 
plasm of host cells can be considered to be an 
extreme environment comparable to hot springs 
and salt lakes (Moulder, 1979), although most 
symbionts live within symbiont-containing vesi- 
cles and the membranes protect them from 
direct exposure to the host cytoplasm. These 
symbiont-containing vesicles have been called 
“symbiosomes” (Fig. 2; Roth et al., 1988). It 
appears that endosymbionts have adapted in var- 
ious ways to overcome adverse effects of the 
harsh environment, e.g., the possession of rigid 
cell walls to withstand digestive action of the 
hosts’ hydrolytic enzymes (Drozanski and 
Chmielewski, 1979; Han and Jeon, 1980) or pre- 
vention of lysosomal fusion with symbiosome 
membranes, thus avoiding exposure to hosts’ 
digestive enzymes (Ahn and Jeon, 1979; Arm- 
strong and Hart, 1971; Jeon, 1983). 

Amoebae 

In amoebae, all known bacterial symbionts are 
intracellular. This is understandable since amoe- 
bae do not have a firm cortex and ectosymbionts 
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Fig. 1. A diagram of Myxotricha paradoxa showing the 
attachment of ectosymbionts on the cell surface (A) and a 
reconstruction of a small area of the cell surface showing the 
attachment complex (B). An optical section is shown on the 
left and surface structures are shown on the right, b, bacteria; 
br, brackets; n, fibrous network; s, spirochetes. (From Cleve- 
land and Grimstone, 1964.) 



cannot permanently attach to them as do flagel- 
lates. Several different bacterial types have been 
reported in the cytoplasm of amoebae, mostly 
enclosed in symbiosomes singly or in groups (Fig. 
3). Roth and Daniels (1961) were among the first 
to confirm by electron microscopy the bacterial 
nature of previously reported bacteria-like par- 
ticles (0.5x2pm) in vacuoles oi Amoeba proteus 



(Cohen, 1957). These symbionts could not be 
eliminated by starvation or penicillin treatment. 
Chapman- Andresen and Hayward (1963) found 
rod-shaped bacteria (0.5 x 3-5 pm) in a strain of 
A. proteus (about 4000 bacteria per cell), that 
could not be detected by light microscopy. Dro- 
zanski (1963a) reported Gram-negative rods 
(0.6-0.8 X 1.3-2.1pm) that caused a fatal infec- 
tion in Acanthamoeha castellanii. These bacteria 
first multiplied in food vacuoles and later in the 
cytoplasm. Other reports followed that con- 
firmed the presence of a large number of bacteria 
in various strains of amoebae (Jeon and Torch, 
1967; Wolstenholme and Plant, 1964). In one 
strain of Pelomyxa palustris, Daniels et al. (1966; 
Daniels and Breyer, 1967) found rod-shaped 
bacteria (0.3 x 3 pm) within individual vesicles 
characteristically surrounding the nuclei, while 
another type of bacteria of similar size was 
located in other parts of the cytoplasm. In Acan- 
thamoeha (Drozanski, 1963a; Hall and Voelz, 
1985; Proca-Ciobanu et al., 1975), symbionts are 
found throughout the cytoplasm. In the large, 
free-living Amoeba, all symbionts were enclosed 
in symbiosomes located in all parts of the cell 
(Jeon and Torch, 1967; Wolstenholme and Plant, 
1964). So far, no endonuclear symbionts have 
been found in amoebae. Many unsuccessful 
attempts have been made to grow symbiotic bac- 
teria in vitro (Drozanski, 1963b; Jeon and Torch, 
1967; K. Jeon, unpublished observations), and 
none of the reported bacterial symbionts of 
amoebae has been grown outside living cells. 

The fact that symbionts of amoebae cannot be 
cultured outside amoebae indicates the sym- 
bionts’ dependence on their hosts, but in many 
cases the dependence does not appear to be 
species-specific. Thus, bacteria isolated from 




Fig. 2. A schematic diagram of a symbiosome to show its 
components. Each line represents a membrane and the intra- 
symbiosome space is shown to contain inclusions. (From 
Roth et al., 1988.) 
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Fig. 3. Electron micrographs of symbiosomes in amoebae. 
(A) A small symbiosome with a single round symbiont (S) 
called a “DNA-containing body” and (B) a larger symbio- 
some with several rod-shaped symbionts. (A) A mitochon- 
drion (M) with tubular cristae is shown for comparison. (B) 
The interbacterial space is filled with inclusions containing 
fibrous matter. Bar = 0.5pm. (Fig. 3B from Jeon, 1987.) 



infected Acanthamoeba castellanii were able to 
infect trophic forms of Hartmannella rhysodes, 
Schzopyrenus resselli, Didasculus thorntoni, and 
other unidentified amoebae of Limax type 
(Drozanski, 1963b). Jeon and Jeon (1982) found 
that X-bacteria isolated from xD amoebae 
(Amoeba proteus) cross-infected an unrelated 
species of giant amoeba, Chaos carolinensis. 

Flagellates 

Unlike amoebae, all of whose symbionts are in- 
tracellular, flagellates have symbionts in various 
parts of the cells, some as ectosymbionts and 
others in the nucleus, in the endoplasmic reticu- 
lum, in chloroplasts, or free in the cytoplasm. 
Most of the prokaryotic symbionts of flagellates 
were first found as ectosymbionts by light 
microscopy early in the 20th century (Table 2), 
and the hosts were mostly flagellates living in 
termite guts. Some suspected prokaryotic endo- 
symbionts were reported in those flagellates, but 
confirmation of the bacterial nature of such 
endosymbionts had to await electron-micro- 



scopic observation and advanced biochemical 
tests. Thus, definitive reports of the presence of 
endosymbionts in flagellates started to appear in 
the late 1950s. For example, Roth (1959) found 
rod-like bacteria within the nucleus of Peranema, 
several hundred per nucleus, while others re- 
ported endocytoplasmic symbionts in Volvox 
(Kochert and Olson, 1970). Since then many 
other flagellates have been found to harbor en- 
dosymbiotic bacteria. Gromov (1977) described 
the presence of Gram-negative bacteria in the 
surface cortical region of Trichonympha turkes- 
tanica and suggested that the symbiotic bacteria 
play a role in the host flagella operation. Gerola 
(1978) reported inclusion bodies of several 
bacteria-like elements in Euglena cells from an 
alpine water pool rich in organic residues; the 
endosymbionts were free in the host cytoplasm, 
but there was no sign of cytoplasmic reaction 
around the symbionts detectable by electron 
microscopy. Endosymbiotic bacteria living inside 
the endoplasmic reticulum were reported in 
Ochromonas monicis isolated from a saline pool 
(Doddema and van der Veer, 1983), and these 
authors thought that the symbionts enabled 
their hosts to survive in vitamin-poor water. 
Sousa-Silva and Franca (1985) studied the ultra- 
structure of two species of dinoflagellates, 
Gyrodinium instriatum and Glenodinium folia- 
ceum, harboring bacterial symbionts, some of 
which were in the nucleus while others were in 
the cytoplasm, and the third group appeared to 
live in both. 

Chesnick and Cox (1986) presented a sum- 
mary of results from 17 studies reporting the 
presence of endosymbiotic bacteria in algal spe- 
cies. In most cases, bacterial symbionts were usu- 
ally found in small vesicles. However, in the 
marine alga Penicillus, bacteria were contained 
in one large central vacuole, with occasional 
presence found in the tip cytoplasm (Turner and 
Friedmann, 1974). Wilcox (1986) found small 
bacteria-like symbionts within chloroplasts of 
the dinoflagellate, Woloszynskia pascheri, and 
suggested that the bacteria may have been in a 
symbiotic relationship for some time, although 
no supporting evidence was presented. The 
author also consider it possible that the “sym- 
bionts” may represent regions where chloro- 
plasts’ nucleic acids are packaged in membranes. 
Different species of Giardia have been found to 
have mycoplasma-like organisms attached on the 
surface of trophozoites while harboring intra- 
cellular bacteria in trophozoites and cysts (Feely 
et al., 1988). 

While the roles of many symbionts are not 
clear, the presence of symbionts has some effects 
on the structure and physiology of their hosts. 
Freymuller and Camargo (1981) compared the 
ultrastructure of symbiont-bearing and sym- 
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biont-free species of trypanosomatids and found 
some differences. For example, paraxial rods of 
flagella or intraflagellar structures were present 
only in symbiont-free species, while branching 
of mitochondria was found exclusively in 
symbiont-bearing species. Endonuclear sym- 
bionts of Peranema trichophorum appeared to 
cause structural changes in their hosts, such as 
fragmented karyosome and granulation of DNA 
and RNA within the nucleus (Radchenko, 1983). 
McLaughlin et al. 1983 found differences in 
lectin agglutinability between symbiont-bearing 
and aposymbiotic strains of Crithidia and Blast- 
ocrithidia. Later, it was found that aposymbiotic 
hosts failed to incorporate detectable amounts 
of fucose into a major surface gly copeptide 
(McLaughlin and Cain, 1985a). These authors 
attributed the differences in lectin agglutinability 
to different carbohydrate compositions of the 
flagellates’ surfaces. In contrast, McLaughlin and 
Cain (1985b) failed to detect differences in the 
incorporation of labeled leucine and methionine 
between symbiont-bearing and aposymbiotic 
strains of these hemoflagellates. Krylov et al. 
1985 detected many differences between sym- 
biont-bearing (Sym^) and symbiont-free (Sym“) 
strains of Crithidia oncopelti and proposed that 
the two strains be named as different species; 
observed differences included cell size, flagellum 
length, colony shape and size, rate of movement, 
electrophoretic mobility of malate dehydrogena- 
ses, growth rate at 32°C, oxygen consumption, 
and sensitivity to antibiotics. In most other cases, 
however, host-symbiont relationships have not 
been clarified. 

There have been some reports for the pre- 
sence of blue-green algae as endosymbionts in 
various species of dinoflagellates (reviewed by 
Gaines and Elbrachter, 1987; Steidinger and 
Baden, 1984). Some of the symbiotic algae 
appeared to have nutritional importance to their 
hosts and others were thought to produce toxins. 

Isolation 

Since all the known endosymbiotic prokaryotes 
of flagellates and amoebae are obligatory sym- 
bionts and do not grow in vitro, the only sure 
source for their isolation would be symbiont- 
bearing hosts. Even for facultative ectosym- 
bionts of flagellates that may live free from their 
hosts at one time or another, their natural host 
is the best source. Amoeba proteus cells are 
grown in dilute salt solution (Goldstein and Ko, 
1976; Jeon and Jeon, 1975). Since these amoebae 
are strictly phagocytic, they have to be fed live 
prey organisms, commonly used food organisms 
for mass culture being Tetrahymena cultured 
axenically in a rich, complex medium containing 



various vitamins and mineral additives with 
proteose peptone and liver extract as the main 
ingredients (Goldstein and Ko, 1976). Amoebae 
are fed with washed Tetrahymena daily or 
every other day, depending on the desired 
growth rate. Acanthamoeba are cultured axeni- 
cally in a medium containing proteose peptone, 
yeast extract, and glucose (Drozanski, 1984). 
Various media have been used to culture 
hemoflagellates and other flagellates as hosts of 
bacterial endosymbionts (e.g., Chang andTrager, 
1974). 

Bacterial endosymbionts have been isolated in 
mass from a few species of amoebae and flagel- 
lates. No reports are found for mass isolation of 
ectosymbionts from flagellates. For example, 
symbiotic bacteria have been isolated from xD 
amoebae Amoeba proteus (Ahn and Jeon, 1982; 
Han and Jeon, 1980) and Acanthamoeb castella- 
nii (Drozanski et al., 1984). In the first example 
(Han and Jeon, 1980), symbionts were collected 
by Ficoll gradient centrifugation from lysed 
amoebae. Later, the method was modified to 
apply filtration through nylon screens to remove 
larger pieces of cell debris first (Ahn and Jeon, 
1982). Pure bacteria were collected after centrif- 
ugation on a sucrose-step gradient. In either pro- 
cedure, the recovery of symbionts could be 
greater than 90%. Symbiotic bacteria from A. 
castellanii were obtained by centrifugation from 
lysed amoebae (Drozanski et al., 1984). 

Chang (1975) isolated endosymbionts of 
hemoflagellates by a sequential treatment of host 
flagellates by hypotonic shock, complement- 
dependent immune lysis, and needle passage. 
Host flagellate cells were incubated in Trager 
buffer (Trager, 1959) containing guinea-pig 
serum and rabbit antiserum against flagellates, 
followed by DNase digestion and differential 
centrifugation. The final fraction was free of con- 
tamination, and the recovery of symbionts was 
about 20%. 

Identification 

Since symbionts of amoebae and flagellates can- 
not be cultured in vitro, the traditional methods 
of identifying and classifying them (e.g., Ber gey’s 
Manual, see Buchanan and Gibbons, 1974) 
cannot be used. Thus, these symbionts have been 
simply identified as fusiform, rod-shaped, round, 
or filamentous on the basis of their external 
morphology based on light or electron- 
microscopic observations. Most of the bacterial 
endosymbionts have been reported to be Gram 
negative, either as a result of Gram staining or 
by electron microscopic examination for the 
presence of characteristic surface membranes. 
More specialized methods are available to 
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identify bacterial species, such as serological 
tests, bacteriophage typing, and DNA and rRNA 
sequencing. In particular, the use of specific oli- 
godeoxynucleotide probes, which can be applied 
in identifying single microbial cells (Giovannoni 
et al, 1988), should be helpful in dealing with 
endosymbionts that cannot be grown in vitro. It 
is also desirable to culture isolated symbionts in 
vitro for their definitive identification based on 
their metabolic, physiological, and biochemical 
characteristics. 



Concluding Remarks 

This short survey reiterates that many prokary- 
otic organisms live on and in a wide variety of 
flagellates and amoebae as symbionts. Their 
presence is known to bring about various struc- 
tural, physiological, and biochemical changes in 
the host. However, many questions still remain 
unanswered regarding the host-symbiont rela- 
tionship. For example, it is not clear in many 
instances how the host and symbionts recognize 
each other and establish a specific association, 
how endosymbionts escape digestion by their 
host, how the symbiont population is controlled, 
and how the host and symbionts benefit or suffer 
from their association. Studies of prokaryotic 
symbionts in flagellates and amoebae have 
lagged behind those in ciliates (see Prokaryotic 
Symbionts of Ciliates), where identification and 
culture of symbionts in vitro and the clarification 
of the genetic interaction between the host’s and 
symbionts’ genomes have been well established. 
It is hoped that similar advancement will be 
achieved soon with symbionts in flagellates and 
amoebae. 
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myxobacteria, 39-42, 46-47 
Antibiotic resistance. See specifle 
antibodies 
Antibiotic therapy 
Brachyspira, 346 



Chlamydia, 748 
Chryseobacterium, 664, 667-68 
Elizabethkingia, 667-68 
Helicobacter, 166-67 
Leptospira, 307 
Sphingomonas, 621 
Antigenic variation 
Bacteroides, 403 
Borrelia, 212-lb 
Antigens 

Leptospira, 299-301 
Porphyromonas, 442 
Aphidicolin resistance, Salinibacter, 
733 

Apple tree, Sphingomonas, 610-11 
Applications 
Bdellovibrio, 26 
Bergeyella, 535 
Chlorobiaceae, 373-74 
Chryseobacterium, 668-69 
Cytophagale, 578-81 
Elizabethkingia, 668-69 
Empedobacter, 635 
Flavobacteriaceae, 473-74, 690 
Flavobacterium, 519-20, 545 
Myroides, 635 
myxobacteria, 91-94 
Pelobacter, 10 
Propionigenium, 958 
Rhodothermus, 122 
Saprospira, 600 
Sphingomonads, 621 
Streptobacillus, 984 
Weeksella, 535 
Wolinella, 188 
Zoogloea, 967-68 
Aquaspirillum gracile, 203 
Aquaspirillum serpens, 17, 20-21, 

205 

Aquaspirillum sinuosum, 20-21 
Aquifex, 916, 925-30, 932, 934 
Aquifex aeolicus, 925-32, 934-35 
Aquifex pyrophilus, 713, 902, 

926-31, 934-35 
Aquihcaceae, 925-296 
Aquiheae, 925 
Aquihcales, 899, 925-35 
a-L-Arabinofuranosidase 

production, Rhodothermus, 715, 
717, 722 

Arabinogalactan utilization, 
Bacteroides, 384-85, 398 
Arabinose utilization. See 

Monosaccharide utilization 
Archaeo globus, 915 
Archangium, 38, 42-43, 53, 56, 64, 

71, 73, 82, 85-86, 88 
Archangium gephyra, 74-75, 80-82, 
88 

Archangium serpens, 36 
Archangium violaceum, 31-32, 54, 

88 

Arcobacter, 119-20, 124, 127, 142, 

178 

Arcobacter butzleri, 120, 125, 179 
Arcobacter cryaerophilus, 120, 125, 

179 

Arcobacter nitroflgilis, 120 
Arcobacter skirrowii, 120, 125 
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Arenibacter, 455, 460, 466-67, 471, 
481, 678 

Arenibacter latericius, 460, 678, 680, 
690, 697 

Arenibacter troitsensis, 458, 460, 678, 
680 

Arginine aminopeptidase 
Helicobacter, 153-55, 157, 162 
Wolinella, 180 
Arginine dihydrolase, 
Streptobacillus, 984 
L- Arginine arylamidase, 
Helicobacter, 157 
Arginine utilization 
Leptospira, 298 
Meiothermus, 802 
Saprospira, 599 
Arsenate reduction, 

Sphingomonads, 616 
Arthritis 

Borrelia, 239, 262 
Campylobacter, 132 
Chlamydia, 749, 751 
Elizabethkingia, 667 
Helicobacter, 168 
Psychroflexus, 690 
Arthrobacter, 605 
Arthropod habitat 
Borrelia, 235, 247, 251, 257, 
263-67, 269, 271 
spirochetes, symbiotic, 971 
vaccines, 278 

Arylsulfatase, Campylobacter, 
125-26 

L- Asparaginase, Wolinella, 188 
Asparagine utilization 
Flavobacteriaceae, 683 
Flavobacterium, 510 
Meiothermus, 802 
Aspartate utilization 
Hymenobacter, 728 
Leptospira, 298 
Rhodothermus, 715 
Asthma, Chlamydia, 751 
Asticcacaulis, 766, 888 
A system motility 
Flavobacterium, 499 
myxobacteria, 68-69 
Atherosclerosis 

Chlamydia, 746, 751, 753 
Treponema, 211 
ATP generation 
Bacteroides, 387 
Brachyspira, 340 
Capnocytophaga, 573-74 
Chlorobiaceae, 368 
Propionigenium, 955, 957-58 
Spirochaeta, 206-8 
Thermus, 804 
Treponema, 224 
Autoimmune disease, Borrelia, 

263 

Avian borreliosis, Borrelia, 237 
Azocasein, Bacteroides, 389 
Azocasein hydrolysis assay, 
Bacteroides, 398 
Azocoll, Bacteroides, 389 
Azospirillum brasilense, 26 
Azotobacter, 39, 93 



B 

Bacillus, 45-46, 412, 482, 556, 1016 
Bacillus anthrasis, 252 
Bacillus brevis, 630. See also 
Empedobacter brevis 
Bacillus subtilis, 252, 869, 926 
B acitr acin resistance/sensitivity 
Hymenobacter, 728 
Leptospira, 304 
Porphyromonas, 431 
Salinibacter, 733 
Sphingomonads, 618 
Ultramicrobacteria, 891 
Bacteremia 
Bergeyella, 536 
Campylobacter, 132 
Chryseobacterium, 667-68 
Elizabethkingia, 666 
Fusobacterium, 1019 
Helicobacter, 147 
Myroides, 631, 634 
Sphingomonas , 621 
B acteriochlor ophyll 

Chlorobiaceae, 359-61, 364, 
366-67, 369-70, 372 
Chloroflexaceae, 816, 828 
Chloroflexus, 815, 818, 819, 828, 
833-34 

Chloronema, 815, 818, 819, 828-29 
Heliothrix, 815, 818, 819, 829 
Oscillochloris, 815, 818, 819, 
828-29, 833 

Roseiflexus, 818, 819, 829 
B acteriochlor ophyll a, 366-67, 
815-16, 818, 820, 822, 828-29, 
833-34 

B acteriochlor ophyll c, 359, 364, 
366-67, 815-16, 818, 828-29, 
833-34 

B acteriochlor ophyll d, 359, 364, 366, 
818, 826, 828-29 

B acteriochlor ophyll e, 359, 364, 366 
Bacteriocins 

Cytophaga, 572-73 
Cytophagale, 572-73 
Flavobacterium, 507-8 
myxobacteria, 39, 67-68 
Sporocytophaga, 572 
Bacteriophages 
Bacteroides, 395, 397 
Bdellovibrio, 14 
Borrelia, 255-56 
Brachyspira, 344 
Leptospira, 302 
Myxococcus xanthus, 35, 67 
Planet omycetales, 765 
Bacteroidaceae, 5, 381, 429, 431, 

900 

Bacteroides, 119, 359, 381-416, 

428-29, 459, 561, 575, 761, 1016, 
1019, 1021 

Bacteroides acidifaciens , 382 
Bacteroides caccae, 381, 395, 414 
Bacteroides distasonis, 381-83, 385, 
389-92, 395-97, 399, 401-2, 407, 
413-15 

Bacteroides eggerthii, 381-83, 385, 
388, 391-92, 396, 414-15 



Bacteroides forsythus, 382, 428, 

432 

Bacteroides fragilis, 381-408, 410-15, 
713, 1018 

Bacteroides heparinolyticus, 381-82 
Bacteroides merdae, 381-82, 414 
Bacteroides nodosus, 1018 
Bacteroides ochraceus, 578 
Bacteroides ovatus, 381-86, 389, 
391-92, 395-402, 407-8, 411, 
413-15 

Bacteroides putredinis, 382 
Bacteroides splanchnicus , 382 
Bacteroides stercoris, 381-82, 414 
Bacteroides thetaiotaomicron, 
381-82, 384-89, 391-93, 

395-402, 406-7, 410-11, 413-15, 
473 

Bacteroides uniformis, 381-83, 385, 
389-92, 394-95, 397-98, 

400-402, 407-8, 411, 413-15 
Bacteroides ureolyticus, 120 
Bacteroides vulgatus, 381-83, 385, 
389-92, 394-402, 407-8, 411, 
413-15 

Bacteroides zoogleoformans, 381-82 
Baiting technique, myxobacteria, 
40-41 

Bark environment. See specific tree 
species 

Bass, Chryseobacterium, 644 
Bdellocysts, 21 
Bdellophages, 14 
Bdellovibrio, 12-26 
Bdellovibrio bacteriovorus, 13-14, 

20, 22-24 

Bdellovibrio starrii, 13-14 
Bdellovibrio stolpii, 13-14, 20 
Bdellovibrio strain W, 13-14 
Beech tree, myxobacteria, 37 
Beggiatoa, 208, 600, 822-23, 855, 

941, 951 

Beggiatoa arachnoidea, 1001 
Bell’s palsy, Borrelia, 263 
Bergeyella, 455, 460, 466-67, 470, 

473, 488, 532-36, 638-41, 

655 

Bergeyella zoohelcum, 458, 460, 471, 
532-33, 535-36, 540-41, 543-44, 
639, 647-51, 656-57, 664, 680, 
697 

Bifidobacterium, 397 

Bile acid hydrolases, Bacteroides, 

399 

Bile esculin tolerance, 
Campylobacter, 121 
Bile metabolism, Bacteroides, 382, 
398, 414 

Bile sensitivity, Fusobacterium, 1020 
Bile tolerance, Helicobacter, 150, 

152, 154, 156-57, 164, 168 
Bilophila, 413 
Biofilms 
Bdellovibrio, 16 
Chryseobacterium, 645 
Elizabethkingia, 645 
Treponema, 221, 226 
Biotin production, Sphingomonads, 
621 
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Biotin requirement 
Leptospira, 299 
myxobacteria, 56 
Biphenyl catabolism, 
Sphingomonads, 619 
Bird habitat 

Borrelia, 235, 238-39, 279 
Brachyspira, 331, 347-48 
Campylobacter, 122 
Chlamydia, 747 
Chryseohacterium, 646, 701 
Coenonia, 695, 701, 703 
Elizabethkingia, 664 
Flavobacteriaceae, 473 
Helicobacter, 140 
Ornithobacterium, 695, 701-2 
Pasteurella, 701 
Riemerella, 695, 701, 703 
Blastocaulis spaerica, 760. See also 
Planctomyces bekefii 
Blastomonas, 606 
Blastomonas natatoria, 606-7. See 
also Sphingomonas natatoria 
Blastomonas ursincola, 606-7 
Blattabacterium, 465 
Blood-brain barrier, Borrelia, 263 
Blood habitat 
Bacteroides, 402 
Bergeyella, 533 

Borrelia, 236, 238, 240-41, 256, 
260, 263, 273-74, 279 
Brachyspira, 330, 336, 348 
Campylobacter, 121-24 
Chryseobacterium, 460, 640, 663, 
665 

Elizabethkingia, 640, 664-65 
Empedobacter, 631 
Elavobacterium, 541 
Helicobacter, 153 
Leptospira, 309-10 
Myroides, 631 
Porphyromonas , 446 
Riemerella, 462 
Sphingomonads, 613 
Sphingomonas, 610, 621 
Weeksella, 533 

Blue crab, Bdellovibrio, 15-16 
Bobcat, Helicobacter, 161 
Bog environment, Saprospira, 

592 

Bordetella avian, 704 
Bordetella pertussis, 167 
Borrelia, 195, 197, 213, 235-79, 340, 
342 

Borrelia afzelii, 239, 257, 263-65 
Borrelia andersonii, 239 
Borrelia anserina, 231, 249, 279 
Borrelia bissettii, 239 
Borrelia burgdorferi, 197, 214, 235, 
237-40, 242-55, 260, 262-63, 
265-69, 271-79, 326 
Borrelia caucasica, 237 
Borrelia coriaceae, 231, 239, 249, 
270, 279 

Borrelia crocidurae, 231, 249, 261 
Borrelia dipodilli, 231 
Borrelia duttonii, 236-38, 240, 
251-52, 261-62 
Borrelia garinii, 239, 263-65 



Borrelia hermsii, 197, 214, 237, 240, 
242, 249, 255, 257, 270, 272-74, 
276 

Borrelia hispanica, 231, 261 
Borrelia japonica, 239 
Borrelia latyschewii, 231 
Borrelia lonestari, 231, 241 
Borrelia lusitaniae, 239 
Borrelia mazziottii, 231 
Borrelia merionesi, 231 
Borrelia microti, 231 
Borrelia miyamotoi, 239, 274 
Borrelia parkeri, 231, 249, 253, 

279 

Borrelia persica, 231, 971 
Borrelia recurrentis, 236-37, 240, 

261 

Borrelia takunii, 239 
Borrelia theileri, 231, 219 
Borrelia turdi, 239 

Borrelia turicatae, 231, 249, 257, 261, 
270, 273-74 

Borrelia valaisiana, 239 
Borrelia venezuelensis, 231 
Bovine borreliosis, Borrelia, 231 
Bovine habitat 
Bacteroides, 382, 395, 397 
Bergeyella, 533 
Borrelia, 231 

Campylobacter, 122, 130, 132 
Chryseobacterium, 460, 645 
Pusobacterium, 1017-19 
Helicobacter, 142, 160 
Leptospira, 305-7, 309 
Porphyromonas, 429 
Treponema, 212, 215, 222 
Weeksella, 533 
Wolinella, 178 

Brachyarcus, 998-1000, 1002 
Brachyarcus thiophilus, 998-1000 
Brachyspira, 195, 197, 212-13, 235, 
255, 330-49 

Brachyspira aalborgi, 214, 330-37, 
344-45 

Brachyspira alvinipulli, 330-34, 
336-39, 344, 346, 348 
Brachyspira canis, 331 
Brachyspira christiani, 330 
Brachyspira hyodysenteriae, 197, 
212, 214, 326, 330-40, 342-49 
Brachyspira innocens, 197, 212, 
330-34, 336, 338-39, 344 
Brachyspira intermedia, 330-34, 
336-39, 346 

Brachyspira murdochii, 330-34, 336, 
338-39 

Brachyspira pilosicoli, 330-39, 
342-46, 348 
Brachyspira pulli, 330 
Brain heart infusion agar/broth 
Brachyspira, 338, 412 
Capnocytophaga, 709 
Chryseobacterium, 646-47 
Elizabethkingia, 647 
Eusobacterium, 1019 
Sphingomonads, 614 
Thermomicrobium, 850 
Brevibacterium, 555 
Brevibacterium linens, 555 



Brevinema, 195, 197, 213, 235 
Brevinema andersonii, 195, 197, 214, 
326 

Bright field microscopy, 
Chlorobiaceae, 364 
Brocadia, 759, 764, 773 
Brocadia anammoxidans , 768-70 
Budding 

Caulococcus, 996-97 
Gemmata, 781-84 
Isosphaera, 764, 784-88 
Kusnezovia, 996-97 
Planctomyces, 774-77 
Planctomycetales, 757, 766 
Siderocapsaceae, 1011, 1014 
Burkholderia cepacia, 120, 697 
2,3-Butanediol utilization, 
Pelobacter, 5-9 

Butanol utilization, Pelobacter, 1 
Butyrate production 
Brachyspira, 330, 340-41 
Pelobacter, 8-9 
Butyrivibrio, 388 
Byssophaga, 59, 73, 85-86, 89-90 
Byssophaga cruenta, 91 



c 

Cabbage habitat, Bdellovibrio, 

14-16 

Calcium requirement 
Bacteroides, 383 
Leptospira, 299 
myxobacteria, 57, 65 
Spirochaeta, 205 
Calderobacterium, 925 
Calderobacterium hydro genophilum, 
925. See also Hydrogenobacter 
hydrogenophilus 
Caldilinea, 867, 870 
Calvin-Bassham-Benson cycle, 
Oscillochloris, 830 
Campylobacter, 119-33, 139-42, 162, 
178, 180 

Campylobacter cinaedi. See 
Helicobacter cinaedi 
Campylobacter coli, 119-23, 125, 
127-31 

Campylobacter concisus, 119-24, 

126, 128, 181 

Campylobacter cryaerophila. See 
Arcobacter cryaerophilus 
Campylobacter curvus, 119-22, 124, 
126, 180-81 

Campylobacter fetus, 119-25, 

129-30, 132 

Campylobacter gracilis, 119-22, 126, 
181 

Campylobacter helveticus, 119-22, 
124, 126 

Campylobacter hyoilei, 119-21, 125 
Campylobacter hyointestinalis, 
119-24, 126, 145 

Campylobacter jejuni, 119-23, 125, 
127-31, 133, 179 
Campylobacter lanienae, 119-21 
Campylobacter lari, 119-23, 125, 
127-28 
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Campylobacter mucosalis, 119-24, 
126 

Campylobacter nitrofigilis. See 
Arcobacter nitrofigilis 
Campylobacter pyloridis. See 
Helicobacter pylori 
Campylobacter rectus, 119-22, 124, 
126, 179-81 

Campylobacter showae, 119-22, 

126 

Campylobacter sputorum, 119-24, 
126 

Campylobacter upsaliensis, 119-23, 
125, 127-28 

Campylobacter ureolyticus, 119, 124, 
126. See also Bacteroides 
ureolyticus 
Canine habitat 
Bergeyella, 533, 536 
Brachyspira, 331 
Campylobacter, 122 
Capnocytophaga, 460, 578, 581, 
709 

Chryseobacterium, 646 
Elizabethkingia, 664 
Empedobacter, 634 
Fusobacterium, 1017 
Helicobacter, 139-40, 142, 150-54, 
156, 161 

Leptospira, 305, 307 
Porphyromonas , 428-29, 447 
Streptobacillus, 983 
Treponema, 212 
Weeksella, 541 

Capnocytophaga, 455, 460, 466-67, 
470, 473, 509, 554, 561-62, 567, 
569-71, 573-76, 578, 580-81, 
662-63, 696, 709-10, 1023 
Capnocytophaga canimorsus, 458, 
460, 581, 697, 709 
Capnocytophaga cynodegmi, 458, 
460, 581, 697, 709 

Capnocytophaga gingivalis, 458, 460, 
580-81, 697, 709 

Capnocytophaga granulosa, 458, 

460, 697, 709 

Capnocytophaga haemolytica, 458, 
460, 697, 709 

Capnocytophaga ochracea, 458, 460, 
574, 580, 680, 697, 709 
Capnocytophaga sputigena, 458, 460, 
580-81, 697, 709 
Capnoids, 570-71 
Capsular polysaccharide complex, 
Bacteroides, 402-4 
Carbapenem resistance/sensitivity 
Bacteroides, 407-8 
Elizabethkingia, 667 
Myroides, 635 
Carbofuran metabolism 
Chryseobacterium, 669 
Sphingomonads, 618 
Carbohydrate fermentation. See 
specific carbohydrate groups 
Carbon dioxide production 
Brachyspira, 330, 340 
Spirochaeta, 204, 206-7 
T^ermotogales, 899, 915 
Wolinella, 180 



Carbon dioxide requirement 
Capnocytophaga, 473, 561, 573, 
578, 709-10 
Coenonia, 473, 699 
Cytophagale, 562, 565 
Flavobacterium, 509 
Ornithobacterium, 473 
Riemerella, 473, 699 
Carbon dioxide utilization 
Aquificales, 934 
Bacteroides, 383-84, 387 
Chlorobiaceae, 368-69, 372 
Helicobacter, 148 
Leptospira, 299 
Streptobacillus, 983 
termite gut spirochete, 323, 
326-27 

Carbon metabolism 

Chlorobiaceae, 368-69, 372 
Flavobacterium, 510 
Carbon monoxide dehydrogenase, 
termite gut spirochete, 325 
Carboxymethylcellulose 

degradation, Flavobacterium, 
494-95, 500-502 
Cardiolipin 
Cytophagale, 571 
myxobacter, 63 
Cardiovascular disease 
Chlamydia, 753 
Porphyromonas, 446, 448 
Cardiovascular environment. 
Chlamydia, 753 
Carotenoids 
Brevibacterium, 555 
Chlorobiaceae, 361, 366 
Chlorofiexus, 819, 828, 833 
Chloronema, 819, 828 
Cytophagale, 571 
Flavobacteriaceae, 466, 681 
Flavobacterium, 471, 500 
Flexibacter, 553 
Haliscomenobacter, 604 
Heliothrix, 819, 829 
Herpetosiphon, 868 
Hymenobacter, 725 
Isosphaera, 786 
myxobacteria, 63-64 
Oscillochloris, 819, 828, 833-34 
Rhodothermus, 720-21 
Roseifiexus, 819, 829 
Saprospira, 599 
Thermomicrobium, 850-51 
Thermonema, 723 
Thermus, 806 
Carp habitat 
Elizabethkingia, 664 
Flavobacterium, 516, 518 
Fusobacterium, 1016 
Casein hydrolysis 
Bacteroides, 389 
Bergeyella, 535 
Chryseobacterium, 645 
Flavobacterium, 493-95 
Herpetosiphon, 869 
Pirellula, 780 
Thermonema, 724 
Thermus, 799 
Weeksella, 535 



Catalase activity 
Aequorivita, 467, 685 
Arenibacter, 467, 685 
Bacteroides, 384, 391, 414 
Bergeyella, 467, 534-36 
Campylobacter, 121, 123, 125-26 
Capnocytophaga, 467 
Cellulophaga, 467, 685 
Chryseobacterium, 467, 651, 701 
Coenonia, 467, 701 
Croceibacter, 467, 685 
Cytophaga, 467, 685 
Empedobacter, 467, 633 
Flavobacteriaceae, 683 
Flavobacterium, 467, 493 
Formosa, 685 
Fucobacter, 467 
Gelidibacter, 468, 469, 685 
Gemmata, 781 
Gillisia, 685 

Helicobacter, 141, 143, 148-59, 
161-66 

Herpetosiphon, 868 
Hymenobacter, 725 
Leptospira, 298 
Maribacter, 685 
Meiothermus, 802 
Mesonia, 468, 469, 685 
Muricauda, 468, 469, 685 
Myroides, 468, 469, 633 
Novosphingobium, 609 
Ornithobacterium, 468, 469, 701-2 
Pasteur ella, 701 
Polaribacter, 468, 469, 685 
Psychrofiexus, 468, 469, 685 
Psychroserpens, 468, 469, 685 
Riemerella, 468, 469, 701 
Robiginitalea, 685 
Salegentibacter, 468, 469, 685 
Salinibacter, 731 
Sphingobium, 609 
Sphingomonas, 609 
Sphingopyrix, 609 
Tenacibaculum, 468, 469, 685 
Thermoleophilum, 846-47 
Thermomicrobium, 852 
Ulvibacter, 468, 685 
Vitellibacter, 468, 685 
Weeksella, 469, 534, 535 
Wolinella, 180 
Zobellia, 469, 685 
Catfish habitat, Flavobacterium, 
516-17 

Cattle. See Bovine 
Caulobacter, 166, 111, 888 
Caulococcus, 996-97 
Caulococcus manganifer, 996-97 
Cecum 

Bacteroides, 382, 395-96, 398, 400 
Brachyspira, 332, 334, 336, 344 
Campylobacter, 122 
Helicobacter, 147 
Cefoperazone tolerance 
Campylobacter, 123 
Helicobacter, 152, 156 
Cefoxitin, Bacteroides, 407-8 
Ceftizoxime, Bacteroides, 407 
Cellobiose utilization. See Di- and 
trisaccharide utilization 
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Cellulitis 

Campylobacter, 132 
Elizabethkingia, 667 
Cellulophaga, 455, 460, 466-67, 471, 
481, 484, 678, 683, 690 
Cellulophaga algicola, 458, 460, 678, 
680, 690 

Cellulophaga baltica, 458, 460, 678, 
680 

Cellulophaga fucicola, 458, 460, 678, 
680 

Cellulophaga lytica, 458, 460, 678, 
680-81, 697 

Cellulophaga uliginosa, 458, 460 
Cellulose hydrolysis 
Bacteroides, 384, 398 
Cytophaga, 539, 553, 555, 558 
Cytophagale, 554-55, 557-60, 574 
Flavobacteriaceae, 470-71 
Flavobacterium, 493, 500-501 
Herpetosiphon, 869, 871 
myxobacteria, 37-38, 40-43, 47, 
59-60 

Rhodothermus, 715, 722 
Spirochaeta, 207 
Sporocytophagas, 558 
Tenacibaculum, 683 
Cell wall 

Fervidobacterium, 908 
Flavobacterium, 503-4 
Helicobacter, 145 
Herpetosiphon, 865, 867 
myxobacteria, 61-62 
Thermomicrobium, 852 
Cephalosporin resistance/sensitivity 
Bacteroides, 407, 410 
Elizabethkingia, 667 
Fusobacterium, 1020 
Myroides, 635 
Ornithobacterium, 705 
Cephalothin, Helicobacter, 141, 143, 
149-59, 162-65 

Cephamycin, Bacteroides, 408 
Ceramides 
Cystobacter, 63 
Cytophagales, 571 
Cerebrosides, Cystobacter, 63 
Cerebrospinal fluid (CSF) 
Bergeyella, 533 
Borrelia, 240-41 
Chryseobacterium, 460, 640 
Elizabethkingia, 640 
Flavobacterium, 541 
Feptospira, 309-10 
Sphingomonas, 621 
Weeksella, 533 

Cheetah habitat, Helicobacter, 140, 
151, 168 
Chemotaxis 
Achromatium, 945 
Bacteroides, 406 
Bdellovibrio, 20 
Brachyspira, 344, 348 
Flavobacteriaceae, 470 
Flavobacterium, 504, 520 
myxobacteria, 69, 79-80 
Spirochaeta, 200, 205-8 
Thiospira, 947 
Thiovulum, 942, 948, 950 



Chemotherapy 
Borrelia, 277-79 
Flavobacterium, 541 
Porphyromonas, 432 
Chicken habitat 
Bacteroides, 382 
Bergeyella, 533 
Borrelia, 279 

Brachyspira, 330-31, 334, 345, 
347-48 

Campylobacter, 127, 129 
Fusobacterium, 1017 
Helicobacter, 140, 155 
Ornithobacterium, 695-96, 702-3 
Riemerella, 695, 703-4 
Weeksella, 533 

Chimpanzee habitat. Treponema, 
212, 217 

Chipmunk habitat, Borrelia, 237, 

257 

Chitin hydrolysis 

Chryseobacterium, 653 
Cytophaga, 539 
Cytophagale, 553-54, 557, 579 
Flavobacteriaceae, 470 
Flavobacterium, 493-95, 501, 

520 

Herpetosiphon, 869 
Chitinophaga, 482, 549, 568. 

Flexibacter filiformis 
Chitobiose, Borrelia, 243 
Chlamydia, 741-53, 760 
Chlamydiae, 757-58, 881, 900 
Chlamydia pecorum, 742-43 
Chlamydia pneumoniae, 741-43, 

746, 751-52 

Chlamydia psittaci, 742-43, 746-47, 
751, 759. See also 
Chlamydophila psittaci 
Chlamydia trachomatis, 741-43, 
746-51, 883 
Chlamydophila, 742 
Chlamydophila psittaci, 704 
Chloramphenicol resistance/ 
sensitivity 
Bacteroides, 406-7 
Bergeyella, 534-35 
Borrelia, 211 
Brachyspira, 344 
Capnocytophaga, 581 
Chryseobacterium, 664, 667-68 
Cytophagale, 575, 581 
Elizabethkingia, 667-68 
Flavobacterium, 508 
Helicobacter, 162 
Hymenobacter, 728 
Rhodothermus, 721 
Riemerella, 704 
Salinibacter, 733 
Weeksella, 534-35 
Wolinella, 188 

Chlorobactene, Chlorobiaceae, 361, 
366 

Chlorobenzoic acid, Flavobacterium, 
579 

Chlorobiaceae, 359-74 
Chlorobium, 360, 362-63, 368-69, 
372 

Chlorobium chlorovibrioides, 361 



Chlorobium limicola, 360-63, 
368-69, 371, 374, 713-14 
Chlorobium phaeobacteroides, 
361-63, 370 

Chlorobium phaeovibrioides, 

360-63, 367 

Chlorobium tepidum, 362-63, 
368-69, 713 

Chlorobium vibrio forme, 360, 363, 
368-69, 713, 999 
Chlorochromatium aggregatum, 
371-73 

Chlorochromatium glebulum, 

371-73 

Chlorochromatium lunatum, 371, 

373 

Chloroflexaceae, 359, 815-37 
Chloroflexus, 359-60, 818, 820-26, 
828, 844, 849, 854-55, 858, 867, 
873-74 

Chloroflexus aggregans, 817-21, 823, 
828-30, 832, 870 
Chloroflexus aurantiacus, 798, 
815-25, 828-36, 870 
Chloroflexus aurantiacus 
mesophilus, 822 
Chloroherpeton, 360, 823 
Chloroherpeton thalassium, 360-64 
Chlorohexidine, Porphyromonas, 
433 

Chloromycetin resistance/ sensitivity, 
Thermomicrobium, 850 
Chloronema, 371, 815, 818, 820, 822, 
826, 828-29, 870 
Chloronema giganteum, 816-17, 
819-20, 822, 829, 870 
Chloronema spiroideum, 819-20, 

829 

Chloronium mirabile, 371 
Chlorosomes 

Chlorobiaceae, 359-60, 366-67 
Chloroflexaceae, 816 
Chloroflexus, 815, 818-19, 828, 

834 

Chloronema, 815, 819, 828 
Oscillochloris, 815, 818-20, 828 
Cholestenols production, 
Nannocystis, 63 
Cholesterol requirement, 
Brachyspira, 338, 340 
Chondrococcus columnaris, 93. See 
also Flavobacterium columnare 
Chondroitin sulfate utilization 
Bacteroides, 384-86, 398, 405 
Flavobacteriaceae, 470 
Flavobacterium, 502 
Riemerella, 700 

Chondromyces, 31-32, 36, 39, 43-44, 
51-52, 56, 58, 60, 71, 73, 75, 
85-86, 90 

Chondromyces apiculatus, 31-32, 
36-37, 51, 76-77, 79-80, 90 
Chondromyces aurantiacus. See 
Stigmatella aurantiaca 
Chondromyces catenulatus, 90 
Chondromyces crocatus, 32, 34, 39, 
51, 60-61, 75, 78-80, 82, 90 
Chondromyces lanuginosus, 51, 
78-79, 90 
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Chondromyces pediculatus, 36, 51, 
78-79, 90 

Chondromyces robustus, 90 
Choroiditis, Borrelia, 261 
Chromatiaceae, Chlorobiaceae, 359, 
362, 364, 366-72 
Chromatium okenii, 1001 
Chromatium vino sum, 371 
Chryseobacterium, 455, 460, 466-67, 
470, 472-73, 484, 488, 533-35, 
632, 638-69, 677, 689 
Chryseobacterium balustinum, 458, 
460, 519, 540, 542-43, 638-39, 
641, 644-53, 655, 657-63, 669 
Chryseobacterium daecheongense, 
642-43, 647, 652-53, 655, 657, 
661-63 

Chryseobacterium defluvii, 458, 460, 
639, 642, 644, 647-53, 655, 657, 
661, 663 

Chryseobacterium formosense, 
642-43, 647, 652-53, 655, 657, 
663 

Chryseobacterium gleum, 458, 460, 
638-39, 642-62, 665, 667, 669, 
697 

Chryseobacterium indologenes, 458, 
460, 472, 508, 638-39, 641-52, 
654-62, 664-65, 667, 669, 680 
Chryseobacterium indoltheticum, 
458, 460, 540, 542-43, 638-39, 
641, 643, 646-53, 655, 658-60 
Chryseobacterium joostei, 458, 460, 
639, 646-53, 655, 657-58, 

661 

Chryseobacterium massiliae, 458, 

668 

Chryseobacterium meningosepticum, 

458. 460. 471, 508, 510, 519, 
539-43, 545, 638-39, 646-52, 
658-59, 700, 713. See also 
Elizabethkingia meningoseptica 

Chryseobacterium miricola, 458, 639, 
647-51. See also 
Elizabethkingia miricola 
Chryseobacterium proteolyticum, 
458, 460, 466, 639, 642-43, 
647-53, 655, 657, 662-63, 669 
Chryseobacterium scophthalmum, 

458. 460. 472, 519, 639, 641, 
646-55, 658-63 

Chryseobacterium taichungense, 
642-43, 647, 652-53, 655, 657, 
663 

Ciprofloxacin resistance/sensitivity 
Bacteroides, 406-12 
Capnocytophaga, 710 
Salinibacter, 733 
Citrate synthase 
Rhodothermus, 716 
Thermoleophilum, 847 
Wolinella, 183 
Citrate utilization 
Bergeyella, 535 
Roseiflexus, 831 
Weeksella, 535 
Citric acid cycle 
Aquifex, 934 
Hydrogenobacter, 934 



Saprospira, 599 
Cladonia, 997 
Cladophora, 37-38, 83 
Clams, Cristispira, 971 
Clarithromycin, Helicobacter, 167 
Clathrochloris, 360 
Clathrochloris sulfarica, 361, 363 
Clevelandina, 213, 971-81 
Clevelandina reticulitermitidis , 971, 
977 

Clindamycin resistance/ sensitivity 
Bacteroides, 407-8 
Brachyspira, 349 
Capnocytophaga, 710 
Chryseobacterium, 668 
Elizabethkingia, 668 
Wolinella, 180 
Clinical environment 
Campylobacter, 181 
Chryseobacterium, 638, 642, 665 
Elizabethkingia, 638, 642-43, 
665-67 

Empedobacter, 630-31 
Fusobacterium, 1017 
Myroides, 630-31 
Clostridium, 397, 398 
Clostridium aceticum, 5 
Clostridium acetobutylicum, 899 
Clostridium rectum, 957 
Clostridium thermocellum, 207 
Coagulase, Staphylococcus, 84 
Coccobacillus, Porphyromonas, 

428 

Cochleobolus, 83 
Cockroache habitat 
Blattabacterium, 465 
Chryseobacterium, 644 
Fusobacterium, 1016 
Hollandina, 975, 979 
Pillotina, 979 

spirochetes, symbiotic, 974-75 
Coenonia, 455, 461, 466, 473, 509, 
695-706 

Coenonia anatina, 458, 461, 466-67, 
471, 680, 695-706 

Coliphage, Myxococcus xanthus, 35 
Colistin resistance/sensitivity 
Bacteroides, 413 
Fusobacterium, 1023 
Hymenobacter, 728 
Porphyromonas, 431 
Riemerella, 705 
Salinibacter, 733 
Streptobacillus, 983 
Colitis 

Brachyspira, 334, 348 
Campylobacter, 130 
Helicobacter, 153, 159, 163-64 
Colon habitat 
Bacteroides, 381, 383, 387, 
395-400, 404 

Brachyspira, 332, 334, 336, 344 
Fusobacterium, 1017 
Helicobacter, 147, 153, 156, 163 
Treponema, 213 
Colonies. See also Swarms 
Bacteroides, 382-83 
Bergeyella, 534 
Brachyspira, 335-36 



Capnocytophaga, 561, 709, 710 
Caulococcus, 996 
Chlorobiaceae, 361 
Chryseobacterium, 647, 652 
Coenonia, 699 
Cytophaga, 559-60 
Cytophagale, 550, 552, 554, 
559-60, 573 

Elizabethkingia, 647, 652 
Flavo bacterium, 490-91, 493, 
496-99, 503, 517 
Fusobacterium, 1020-21 
Gemmata, 781-82 
Helicobacter, 148-49, 156 
Herpetosiphon, 854, 865-67 
Hymenobacter, 725 
Kusnezovia, 997 
Leptospira, 297, 304 
Myroides, 632-33 
myxobacteria, 70-72 
Planctomyces, 774-75, 777 
Porphyromonas, 428, 431 
Proteus, 1021 
Riemerella, 699 
Roseiflexus, 827 
Salinibacter, 731 
Saprospira, 594, 598 
Spirochaeta, 204 
Sporocytophaga, 559-60 
Thermocrinis, 929 
Thermoleophilum, 845 
Thermomicrobium, 849 
Thiobacterium, 947 
Treponema, 221 
Weeksella, 534 
Wolinella, 179 
Zoogloea, 963-64 
Colorless sulfur bacteria, 941-52 
Columnaris disease 
Cytophagale, 554 
Flavo bacterium, 515-18 
Commercial fermentation, 
myxobacteria, 55-56 
Complex organic substrate 
utilization 

Fervidobacterium, 905 
Geotoga, 905 
Marinitoga, 905 
Petrotoga, 905 
Thermosipho, 905 
Thermotoga, 905 

Congenital syphilis. Treponema, 226 
Congo red adsorption, 

Flavobacterium, 494-95, 
499-500 

Conjugation, Bacteroides, 394 
Conjunctivitis, Chlamydia, 747-48, 
751 

Corallococcus, 38, 43, 48, 56, 59, 
62-64, 71-73, 82, 85-87 
Corallococcus coralloides, 33, 36-37, 
60, 74-75 

Corallococcus macrosporus, 56 
Coral plaque, Sphingomonas, 620 
Corynebacterium, 1016 
Cory neb acterium glutamicum, 865 
Cotton-wool disease. See 
Columnaris disease 
Coumermycin, Borrelia, 256 
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Crab, Saprospira, 592 
Creosote 

Sphingomonads, 612-13 
Sphingomonas, 611-12 
Cristispira, 195, 197, 213-14, 235, 
591, 971-81 

Cristispira pectinis, 326, 971, 978 
Croceibacter, 455, 461, 466, 471, 481, 
678 

Croceibacter atlanticus, 458, 461, 

467, 678, 680-81, 688 
Croceibacter latercula, 678 
Croceibacter marinoflava, 678 
Crohns disease, Bacteroides, 400 
CSF. See Cerebrospinal fluid 
Cultivation methods 
Bdellovibrio, 22-23 
Chlorobiaceae, 365-66 
Chloroflexus, 825-26 
Chryseobacterium, 646-47 
Cytophagale, 562-65 
Elizabethkingia, 646-47 
Flavobacteriaceae, 688-89 
Flavobacterium, 489-92 
Helicobacter, 147-48 
Herpetosiphon, 861-62 
Isosphaera, 786 
Leptospira, 297-98, 303-5 
myxobacteria, 48-57 
Saprospira, 595-96 
Sphingomonads, 614 
Thermoleophilum, 844-45 
Thermomicrobium, 850 
Treponema, 217-18 
Wolinella, 181-82 
Cyanide sensitivity, 

Thermomicrobium, 852 
Cyanobacteria, 360, 364, 366, 370, 
816, 820-24, 826-28, 830, 
832-33, 835, 900 
Cyanocobalamin requirement 
Cytophagale, 565 
Leptospira, 299 
Cyclitis, Borrelia, 261 
Cycloartenol production, 
myxobacteria, 63 

Cycloheximide resistance/sensitivity 
Campylobacter, 123 
Gemmata, 782 
myxobacteria, 40-42, 47 
Pirellula, 779 
Planctomycetales, 766 
Cycloserine resistance/ sensitivity 
Thermonema, 724 
Thermotogales, 905 
Cyclosporin 
Cytophaga, 580 
Porphyromonas , 432 
Cylindrogloea bacterifera, 371 
Cysteine metabolism 
Bacteroides, 383 
Chloroflexus, 831 
Cysteine proteinases, 

Porphyromonas, 428-29, 
434-37, 442, 444 

Cystobacter, 36, 39, 42, 49, 53, 56, 60, 
62-64, 71-77, 80, 82, 85-86, 88, 
90, 94 

Cystobacter badius, 97 



Cystobacter disciformis, 89 
Cystobacter ferrugineus, 32, 36, 54, 
62, 74-75, 84, 88, 95 
Cystobacter fuscus, 36-37, 43-44, 54, 
63, 75, 82, 84, 88, 94 
Cystobacter gracilis, 96 
Cystobacter miniatus, 96 
Cystobacter minus, 63, 76-77, 88 
Cystobacter velatus, 32, 36, 74-75, 95 
Cystobacter violaceus, 33, 36, 63-64, 
71, 88, 95-96 
Cytochrome 
Aquifex, 932 
Bacteroides, 384, 387 
Chlorobiaceae, 368-69 
Chloroflexus, 834-35 
Hydrogenobacter, 932 
Leptospira, 298 
myxobacteria, 59 
Pelobacter, 1 
Saprospira, 599 
Sphingomonads, 619 
Wolinella, 180 

Cytochrome oxidase production 
Aequorivita, 685 
Arenibacter, 685 
Cellulophaga, 685 
Croceibacter, 685 
Cytophaga, 685 
Flavobacteriaceae, 683 
Flavobacterium, 494-96, 503 
Formosa, 685 
Gelidibacter, 685 
Gillisia, 685 
Hymenobacter, 725 
Maribacter, 685 
Mesonia, 685 
Muricauda, 685 
Polaribacter, 685 
Psychroflexus, 685 
Psychroserpens, 685 
Robiginitalea, 685 
Salegentibacter, 685 
Tenacibaculum, 685 
Thermus, 804 
Ulvibacter, 685 
Vitellibacter, 685 
Zobellia, 685 

Cytolethal distending toxin, 
Campylobacter, 131 
Cytophaga, 549, 555, 567, 576-77, 
579-80, 761, 867 

Cytophaga allerginae, 482, 486-87, 
489, 492, 511, 554, 580 
Cytophaga aquatilis, 549, 553. See 
also Flavobacterium hydatis 
Cytophaga aurantiaca, 550, 569 
Cytophaga columnaris, 552, 554, 
561-62, 564, 569-70, 572-74, 
577-78, 581 

Cytophaga diffluens, 574 
Cytophaga flevensis, 552-53, 557, 

573 

Cytophaga heparina, 549, 576, 578 
Cytophaga hutchinsonii, 473, 510, 

569- 71, 574, 680, 713 
Cytophaga johnsonae, 549, 553, 567, 

570- 74, 576, 579-80. See also 
Flavobacterium johnsoniae 



Cytophaga krzemieniewskae, 571 
Cytophaga latercula, 456, 458-59, 
466-67, 680, 682-85, 687 
Cytophagale, 359, 501, 511, 539-40, 
549-81 

Cytophaga lytica, 549-50, 571, 681. 

See also Cellulophaga lytica 
Cytophaga marinoflava, 456, 458-59, 
466-67, 681-85 

Cytophaga maritima, 577-78, 581 
Cytophaga psychrophila, 554, 561, 
574, 577-78, 581. See also 
Flavobacterium psychophilum 
Cytophaga saccharophila, 557 
Cytophaga salmonicolor, 51 3-1 A 
Cytophaga succinicans, 550, 562, 
572-74. See also Flavobacterium 
succinicans 

Cytophaga uliginosa, 513, 580, 681. 

See also Zobellia uliginosa 
Cytophaga xantha. See 

Flavobacterium xanthum 
Cytoplasmic filaments. Treponema, 
217 

Cytoplasmic membrane 
Borrelia, 244 
Treponema, 215-17 
Cytoplasmic tubules, spirochetes, 
symbiotic, 980 
Cytotoxin 

Campylobacter, 131 
Helicobacter, 139, 155 



D 

Dairy products. See also Milk 
Bergeyella, 533 

Chryseobacterium, 638, 640, 643, 
645, 653 

Elizabethkingia, 638, 640, 643 
Flavobacterium, 488, 645-46 
Myroides, 631 
Weeksella, 533 
Deer habitat, Borrelia, 231 
Dehalococcoides ethanogenes, 817 
Deinococcus, 191, 806, 844 
Deinococcus geothermalis , 798 
Deinococcus grandis, 798 
Deinococcus indicus, 798 
Deinococcus murrayi, 798 
Deinococcus proteolyticus, 798 
Deinococcus radiodurans, 798 
Deinococcus radiophilus, 798 
Deinococcus radiopugnans, 798 
Dendritic cells, Porphyromonas, 
443 

Desiccation resistance 
Cytophagales, 555 
Herpetosiphon, 859, 863-64 
myxobacteria, 82 
Sporocytophaga, 561 
Desulfovibrio desulfuricans , 14, 374 
Desulfur obacterium, 925 
Desulfur obacterium 

thermolithotrophum, 926 
Desulfuromonas acetexigens, 5 
Desulfuromonas acetoxidans, 5 
Desulfuromonas succinoxidans, 5 
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Detergent sensitivity, Bdellovibrio, 
16 

Dextran utilization, Bacteroides, 385 
Diabetes, Porphyromonas, 446-48 
Diagnosis, Leptospira, 309-11 
Di- and trisaccharide utilization 
Bacteroides, 383-84, 414 
Bergeyella, 467, 534, 649 
Borrelia, 243 
Brachyspira, 339, 414 
Chryseobacterium, 467, 649, 651, 
653 

Cytophaga, 467, 574 
Cytophagale, 563 
Elizabethkingia, 649, 653 
Empedobacter, 467, 633 
Eervidobacterium, 905 
Elavobacterium, 467, 543 
Geotoga, 905 
Haliscomenobacter, 604 
Hymenobacter, 728 
Marinithermus, 808 
Marinitoga, 905 
Meiothermus, 802 
Myroides, 468-69, 633 
Oceanitherums, 808 
Opitutus, 891 
Petrotoga, 905 
Planctomyces, 111 
Propionigenium, 957 
Rhodothermus, 715, 717 
Riemerella, 468-69, 649, 700 
Salinibacter, 733 
Sphingomonads, 615-16 
Streptobacillus, 984 
Thermomicrobium, 850 
Thermosipho, 905 
Thermotoga, 905 
Ultramicrobacteria, 891 
Verrucomicrobium, 887 
Victivallis, 894 
Vulcanitherums, 808 
Weeksella, 469, 534 
Diarrhea 

Bacteroides, 397, 405, 415 
Borrelia, 180 
Brachyspira, 348-49 
Campylobacter, 129-30, 132 
Helicobacter, 153-54, 159, 162 
Leptospira, 306 
Dichelobacter nodosus, 704 
Dichelobacter nodulans, 222 
2- (2,4-Dichlor ophenoxy ) -propionic 
acid, Sphingomonas, 606, 

620 

Digital dermatitis 
Pusobacterium, 1019 
Treponema, 222, 320 
Dimethyl sulfoxide (DMSO) 

reduction, Wolinella, 178, 182, 
184 

Dimethyl sulfoxide (DMSO) 
sensitivity, Saprospira, 597 
Diphosphatidylglycerol, Salinibacter, 
731 

Diplocalyx, 213, 971-81 
Diplocalyx calotermitidis, 971 
Direct Fluorescent Antibody Test, 
Treponema, 219 



Dithionite utilization, 
Chlorobiaceae, 362 
DNA-DNA homology 
Bacteroides, 382, 413, 415 
Bdellovibrio, 13-14 
Borrelia, 251 
Brachyspira, 330-32 
Campylobacter, 120, 128 
Capnocytophaga, 709 
Chryseobacterium, 656-61, 663 
Cytophaga, 540 
Cytophagale, 576-77 
Elizabethkingia, 656-61, 663 
Flavobacteriaceae, 473 
Elavobacterium, 482, 504-6, 
510-11, 539-40, 542-44 
Eusobacterium, 1023 
Helicobacter, 144-45, 151-52, 154 
Herpetosiphon, 871-72 
Leptospira, 294, 303 
Pelobacter, 5 
Pirellula, 780 
Planctomycetales, 768 
Rhodothermus, 712-13 
Sphingomonads, 615 
Thermomicrobium, 850 
Thermus, 797-98 
Treponema, 211-12 
DNase activity 
Aequorivita, 685 
Arenibacter, 685 
Cellulophaga, 685 
Croceibacter, 685 
Cytophaga, 685 
Empedobacter, 633 
Eormosa, 685 
Gelidibacter, 685 
Gillisia, 685 
Herpetosiphon, 869 
Maribacter, 685 
Mesonia, 685 
Muricauda, 685 
Myroides, 633 
Polaribacter, 685 
Psychroflexus, 685 
Psychroserpens, 685 
Robiginitalea, 685 
Salegentibacter, 685 
Tenacibaculum, 685 
Thermonema, 724 
Ulvibacter, 685 
Vitellibacter, 685 
Zobellia, 685 

Dolphin habitat, Helicobacter, 142, 
164 

Doxycycline resistance/sensitivity 
Borrelia, 278 
Chlamydia, lAl 
Leptospira, 307 
Porphyromonas, 432-33 
Duck habitat 
Borrelia, 279 
Brachyspira, 330 
Coenonia, 461, 703 
Ornithobacterium, 703 
Riemerella, 462, 695, 700, 703-5 
Dysentery, Brachyspira, 334, 346-47 
Dyspepsia, Helicobacter, 148 
Dysuria, Chlamydia, 749-50 



E 

Ear habitat 
Bergeyella, 533 
Weeksella, 533 
Ectothiorhodospiraceae, 
Chlorobiaceae, 364, 367 
Eikenella corrodens, 180 
Elastase activity, Bacteroides, 389 
Elastase production, Myroides, 

635 

Elasticotaxis, myxobacteria, 69, 72 
Elastin degradation 
Elavobacterium, 513-14 
Thermonema, 724 
Thermus, 799 

Electron paramagnetic resonance, 
Rhodothermus, 720 
Electroporation 
Bacteroides, 395 
Borrelia, 256 

ELISA. See Enzyme-linked 
immunosorbent assay 
Elizabethkingia, 638-69 
Elizabethkingia meningoseptica, 
638-39, 641-44, 646-57, 660-68 
Elizabethkingia miricola, 638, 642, 
644, 646-53, 656-57, 661-63 
Embden-Meyerhof-Parnas pathway 
(BMP) 

Bacteroides, 387 
Brachyspira, 340-41 
Chloroflexus, 830 
Flavobacteriaceae, 682 
Thermotoga, 915 
Thermus, 804 

EMP See Embden-Meyerhof-Parnas 
pathway 

Empedobacter, 455, 461, 466, 470, 
473, 484, 488, 534-35, 630-35, 
638, 641, 645, 652, 655, 657, 

667 

Empedobacter brevis, 458, 461, 467, 
533, 539-43, 545, 549, 630-32, 
634, 639, 641, 656, 664-65, 680, 
697, 713 

Encephalitis, Borrelia, 277 
Endocarditis 

Campylobacter, 132 
Porphyromonas, 448 
Endocytosis, Chlamydia, 743 
Energy metabolism 
Bacteroides, 384-88 
Bdellovibrio, 24 
Borrelia, 242-43 
Brachyspira, 330 
Campylobacter, 120 
Elavobacterium, 509 
Eusobacterium, 1019 
Helicobacter, 139, 149, 167 
Leptospira, 298 
myxobacteria, 59-60 
Propionigenium, 957-58 
Spirochaeta, 200, 206-7 
Thermotoga, 916 
Wolinella, 182-83 
Enhygromyxa, 85 
Enr ofloxacin resistance/sensitivity, 
Ornithobacterium, 705 
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Enteritis 

Campylobacter, 129-30 
Fusobacterium, 1019 
Ornithobacterium, 704 
Enterobacteriaceae, 397 
Enterococcus, 397, 398 
Enterococcus faecalis, 302, 404, 
411-12 
Enterotoxin 

Bacteroides, 401, 405, 415 
Campylobacter, 131 
Entner-Doudoroff pathway 
Salinibacter, 733 
Sphingomonads, 617 
Thermotoga, 915 

Environmental pollutant sensitivity. 
See also specific pollutants 
Bdellovibrio, 16 
Flavobacterium, 579 
Herpetosiphon, 858 
myxobacteria, 37-38 
Sphingobium, 610, 612, 621 
Sphingomonads, 612-13, 616, 
619-20 

Sphingomonas, 610 
Enzyme immunoassay, Leptospira, 
310 

Enzyme-linked immunosorbent 
assay (ELISA) 

Borrelia, 257, 279 
Brachyspira, 346 
Flavobacterium, 507, 514, 519 
Leptospira, 311 
Ornithobacterium, IQfl 
Riemerella, 700, 705 
Enzyme production, 

Flavobacteriaceae, 470-71 
Epibiont, Chlorobiaceae, 371- 
74 

Epixenosomes, 881, 883, 889, 891- 
92 

Epothilone, 93 
Erwinia amylovora, 17 
Erwinia carotovora, 17, 26 
Erwinia herbicola. See Pantoea 
ananatis 

Erythema migrans, Borrelia, 239, 
241, 262-63 
Ery throb acter, 606 
Erythromonas ursincola, 606. See 
also Blastomonas ursincola 
Erythromycin resistance/ sensitivity 
Bergeyella, 534-35 
Borrelia, 211 
Brachyspira, 349 
Chlamydia, 748 
Chryseobacterium, 668 
Cytophagale, 581 
Elizabethkingia, 668 
Flavobacterium, 514, 545 
Fusobacterium, 1020 
Helicobacter, 150, 162 
Hymenobacter, 728 
Leptospira, 307 
Ornithobacterium, 705 
Rhodothermus, 721 
Thermomicrobium, 850 
Thermonema, 724 
Weeksella, 534-35 



Escherichia coli, 326, 703-4, 713, 
715, 717-19, 722, 784, 835, 
846-47, 857, 859-61, 869 
Bacteroides, 386, 390, 393-95, 
404-6, 410 

Bdellovibrio, 16, 20-24 
Borrelia, 249-50, 256 
Brachyspira, 342, 344, 347 
Campylobacter, 131, 133 
Chlorobiaceae, 369-70 
Coenonia, 699 
Cytophagale, 556 
Helicobacter, 167 
Leptospira, 296, 298, 300, 302 
mutagenesis with, 958, 966 
myxobacteria, 33, 42, 44, 46-47, 
51, 57, 65, 67, 69, 71, 93 
phylogenetic tree, 14, 926 
Porphyromonas , 438, 444 
Sphingomonads, 618 
Spirochaeta, 205 
Treponema, 216-17 
Wolinella, 184-85 
Esculin hydrolysis 
Aequorivita, 467, 685 
Arenibacter, 467, 685 
Bacteroides, 386, 412, 414 
Bergeyella, 467, 534, 535 
Capnocytophaga, 467 
Cellulophaga, 467, 685 
Chryseobacterium, 467, 651, 655, 
701 

Coenonia, 467, 701 
Croceib acter, 467, 685 
Cytophaga, 467, 685 
Empedobacter, A61 
Flavobacterium, 467, 494-95, 543 
Formosa, 685 
Fucobacter, 467 
Fusobacterium, 1022 
Gelidibacter, 468, 469, 685 
Gillisia, 685 
Herpetosiphon, 869 
Maribacter, 685 
Meiothermus, 802 
Mesonia, 468, 469, 685 
Muricauda, 468, 469, 685 
Myroides, 468, 469 
Opitutus, 891 

Ornithobacterium, 468, 469, 701 
Pasteur ella, 701 
Polaribacter, 468, 469, 685 
Psychroflexus, 468, 469, 685 
Psychroserpens, 468, 469, 685 
Riemerella, 468, 469, 700, 701 
Robiginitalea, 685 
Salegentibacter, 468, 469, 685 
Streptobacillus, 984 
Tenacibaculum, 468, 469, 685 
Thermus, 799 
Ulvibacter, 468, 685 
Verrucomicrobium, 887 
Vitellib acter, 468, 685 
Weeksella, 469, 534, 535 
Zobellia, 469, 685 
Estuarine environment 
Bdellovibrio, 14-16 
Chlorobiaceae, 359 
Cytophagale, 553, 561 



Flavobacteriaceae, 682 
Pelobacter, 5-6 
Sphingomonas, 610 
Ethanol production 
Brachyspira, 330, 340-41 
Chloroflexus, 831 
Propionigenium, 957 
Spirochaeta, 204, 206-7 
termite gut spirochete, 325 
Thermotogales, 915 
Victivallis, 894 

Ethanol tolerance, Sphingomonas, 
617 

Ethanol utilization. Alcohol 
utilization 

Ethidium bromide, Bacteroides, 411 
Ethylene glycol utilization, 
Pelobacter, 7-9 
Euplotidium arenarium, 889 
Exotoxin, Campylobacter, 131 
Extrusomes, Epixenosomes, 881, 
892 

Exudative septicemia, Riemerella, 
695 

Eyes. See Ocular habitat 

F 

FAME composition. See Fatty acid 
methyl ester composition 
Fatty acid (3 oxidation pathway, 
myxobacteria, 59 
Fatty acid composition 
Aquifex, 930-31 
Bergeyella, 651, 656 
Capnocytophaga, 709 
Chloroflexus, 819, 828, 832 
Chloronema, 819 
Chryseobacterium, 651, 656 
Coenonia, 699 
Elizabethkingia, 651, 656 
Flavobacteriaceae, 685-87 
Fusobacterium, 1022 
Heliothrix, 819 
Herpetosiphon, 867-68, 871 
Hydrogenob acter, 930-31 
Hydro genobaculum, 930-31 
Hydro genothermus, 930-31 
Hymenobacter, 725, 728 
Isosphaera, 784, 786 
Marinithermus , 808, 809 
Meiothermus, 801, 803, 806-7 
Oceanitherums, 808, 809 
Ornithobacterium, 699, 702 
Oscillochloris, 819, 832 
Planctomycetales, 761-62 
Rhodothermus, 720-21 
Riemerella, 651, 656, 695, 699 
Roseiflexus, 819, 832 
Sejongia, 656 
Streptobacillus, 984 
Thermocrinis, 930-31 
Thermomicrobium, 851 
Thermonema, 723 
Thermotogales, 899, 908 
Thermus, 797-98, 800, 806-7 
Verrucomicrobium, 886 
Vulcanitherums, 808, 809 
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Fatty acid methyl ester composition 
(FAME composition) 
Chryseobacterium, 656 
Coenonia, 696 
Elizabethkingia, 656 
Flavobacterium, 504 
Helicobacter, 144 
Ornithobacterium, 696 
Riemerella, 696 
Feces habitat 
Archangium, 36 

Bacteroides, 382-83, 390, 396-98, 
400, 402 

Brachyspira, 330, 334, 346-49 
Campylobacter, 122-24, 127 
Chondromyces, 36 
Corallococcus, 36-37 
Cystobacter, 36-37 
Cytophaga, 579 
Cytophagale, 553 
Flavobacterium, 541 
Fusobacterium, 1017, 1020-21 
Helicobacter, 147-48, 153-55, 157, 
159, 163-65 
Herpeto siphon, 855 
Hymenobacter, 724 
Melittangium, 36 
Myroides, 631, 634 
myxobacteria, 36-37, 40 
Myxococcus, 36-37 
Nannocystis, 36 
Polyangium, 36 
Sporocytophaga, 579 
Stigmatella, 36-37 
Taxeobacter, 726 
Victivallis, 882, 893 
Feline habitat 
Bergeyella, 533 
Campylobacter, 122 
Chryseobacterium, 646 
Elizabethkingia, 664 
Fusobacterium, 1017 
Helicobacter, 139-40, 142, 148, 

150, 153-54, 162, 165 
Feptospira, 305 
Porphyromonas , 428-29 
Streptobacillus, 983 
Ferredoxin 

Chlorobiaceae, 367-68 
Rhodothermus, 716 
Spirochaeta, 207 
Thermotoga, 899 

Ferret habitat, Helicobacter, 140, 149 
Ferribacterium, 1009 
Ferribacterium duplex, 1009 
Ferroglobus, 915 

Fervidobacterium, 899, 902-3, 906, 
908, 914 

Fervidobacterium gondwanense, 
901-5 

Fervidobacterium islandicum, 901-8 
Fervidobacterium nodosum, 901-5, 
907-8, 926 

Fervidobacterium pennivorans, 901, 
905, 908 
Fetal tissues 

Campylobacter, 122 
Helicobacter, 161, 169 
Fetopathology, Campylobacter, 130 



F heparinum, 14 
Fibrils 

Cytophaga, 569 
Cytophagale, 568 
myxobacteria, 52, 70 
Porphyromonas, 430 
Fibrin hydrolysis, Thermus, 199 
Fibrinogen 

Bacteroides, 389, 405 
Flavobacterium, 502 
Porphyromonas, 434-35 
Fibrobacter succinogenes, 713 
Fibronectin 

Borrelia, 269-70 
Flavobacterium, 502 
Porphyromonas, 434 
Fimbriae 

Gemmata, 781, 783 
Pirellula, 779-80 
Planctomyces, 777-78 
Porphyromonas, 433-34, 442-43, 
446 

Verrucomicrobium, 882, 885-86 
Fish habitat 

Chryseobacterium, 460, 640, 643, 
645, 646, 653, 657, 663-64 
Cytophagale, 554, 561, 577-78, 

581 

Elizabethkingia, 640, 643, 664 
Empedobacter, 631-32 
Flavobacteriaceae, 473 
Flavobacterium, 461, 472, 485-87, 
489-91, 493, 499, 502, 511-15, 
519, 540 

Myroides, 631-32 
Tenacibaculum, 462, 472, 679, 681, 
687 

Weeksella, 533 
Flagella 
Aquifex, 930 
Bdellovibrio, 12-13, 21 
Borrelia, 244-47 
Brachyspira, 333, 336, 347 
Campylobacter, 124, 128, 131 
Clevelandina, 971-75, 977 
Cristispira, 971-77 
Diplocalyx, 971-75, 978-79 
Helicobacter, 139-43, 148, 150-65 
Hollandina, 971-75, 979 
Hydrogenobacter, 930 
Hydrogenobaculum, 930 
Hydrogenothermus, 930 
Feptospira, 295-96, 300-301 
Macromonas, 946 
Pelosigma, 1001-3 
Pillotina, 971-75, 979 
Pirellula, 779-80 
Planctomyces, 775, 777 
Rhodothermus, 714 
Sphingomonads, 615 
Spirochaeta, 195, 199-200, 203, 
205, 207 

Thermocrinis, 930 
Thermotogales, 907 
Thiospira, 947-48 
Thiovulum, 948 
Toxothrix, 986 
Treponema, 215-16 
Wolinella, 179, 181 



Flavobacteriaceae, 455-74, 481, 

483, 630, 638, 642, 645, 900. 

also Marine clade of 
flavobacteriaceae 
Flavobacterium, 359, 455, 461, 
466-67, 470-71, 473, 481-521, 
533, 539-45, 555, 575, 605, 630, 

638, 641-42, 645, 656, 677, 689, 
761 

Flavobacterium acidificum, 482 
Flavobacterium acidurans, 482 
Flavobacterium antarcticum, 481, 
484, 488, 496, 505, 508-9 
Flavobacterium aquatile, 458, 461, 

481-83, 485, 487-89, 493-94, 
505, 539-40, 544-45, 549, 575, 

639, 641, 680, 697, 713 
Flavobacterium balustinum. See 

Chryseobacterium balustinum 
Flavobacterium branchiophilum, 

458. 461. 482- 83, 485, 487, 489, 
491, 493-94, 496-97, 502, 
504-10, 512, 518-19, 544-45, 
569, 581 

Flavobacterium breve, 713. See also 
Empedobacter brevis 
Flavobacterium capsulatum, 605 
Flavobacterium columnare, 458, 461, 

472. 482- 83, 485, 487, 489-94, 
497-510, 512-13, 515-18, 520 

Flavobacterium degerlachei, 458, 

461. 483- 85, 487, 489, 494, 496, 
507 

Flavobacterium devorans, 605. See 
also Sphingomonas 
paucimobilis 

Flavobacterium ferrugineum. See 
Chitinophaga 

Flavobacterium flevense, 458, 461, 

481- 83, 485, 487, 489, 493-94, 
505 

Flavobacterium frigidarium, 458, 

461, 481-85, 487-89, 493-94, 
496-97, 500, 505, 508, 520 
Flavobacterium frigoris, 458, 461, 
483-85, 487, 489, 494, 496, 507 
Flavobacterium fryxellicola, 484, 

496, 505, 507 

Flavobacterium gelidilacus, 458, 461, 

482- 85, 487, 489, 494, 496, 

507 

Flavobacterium genitale. See 
Bergeyella; Weeksella 
Flavobacterium gillisiae, 458, 461, 
481-82, 484-85, 487-90, 494, 
496-97, 500, 505 

Flavobacterium gleum, 540-42, 641 
Flavobacterium gondwanense, 544 
Flavobacterium grunuli, 481, 488, 
496, 505, 509 

Flavobacterium heparinum, 575, 579 
Flavobacterium hibernum, 458, 461, 

483- 85, 487, 489, 494, 496-97, 
503, 506 

Flavobacterium hydatis, 458, 461, 
481-83, 485, 487, 489, 491, 493, 
495, 505, 509-11, 518, 520 
Flavobacterium indologenes, 540-42, 
641 
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Flavo bacterium indoltheticum. See 
Chryseobacterium 
indoltheticum 

Flavobacterium johnsoniae, 458, 461, 

482- 83, 485, 487, 489, 491, 493, 
495-96, 501, 503-5, 507-11, 
519-20, 540, 663, 667, 710 

Flavobacterium limicola, 458, 461, 

483- 85, 487, 489, 493, 495-97, 
503, 505 

Flavobacterium meningosepticum. 
See Elizabethkingia 
meningoseptica 

Flavobacterium micromati, 458, 461, 
483-85, 487, 489, 495-96, 507, 
510 

Flavobacterium mizutaii, 482, 540, 
543-45. See also 
Sphingobacterium 

Flavobacterium multivorum, 540-41, 
543-45 

Flavobacterium oceanosedimentum, 
482 

Flavobacterium odoratum. See 
Myroides odoratus 

Flavobacterium omnivorum, 458, 
461, 481, 483-85, 487-90, 493, 
495-97, 505, 510 

Flavobacterium pectinovorum, 458, 
461, 481-83, 486-87, 489, 493, 
495-97, 499, 505, 510, 560, 

575 

Flavobacterium piscicida. See 
Pseudoalteromonas piscicida 

Flavobacterium psychophilum, 458, 
461, 466, 482-83, 485-87, 
489-93, 495-97, 500-515, 

518 

Flavobacterium psychrolimnae, 484, 
496 

Flavobacterium ranacida. See 
Chryseobacterium 
meningosepticum 

Flavobacterium resinovorum, 482 

Flavobacterium saccharophilum, 

461, 481-83, 486-87, 489, 493, 
495, 505, 510 

Flavobacterium salegens, 544 

Flavobacterium scophthalmum. See 
Chryseobacterium 
scophthalmum 

Flavobacterium spiritivorum, 

540-41, 543-45 

Flavobacterium succinicans, 458, 

461, 482-83, 485-87, 489, 

493, 495, 497, 504, 509-11, 

520 

Flavobacterium tegetincola, 458, 461, 
483-84, 486-87, 489-90, 495-97, 
509-10 

Flavobacterium thalpophilum, 
540-41, 543-45 

Flavobacterium thermophilum, 482, 
544 

Flavobacterium uliginosum, 571, 

575, 580-81 

Flavobacterium xanthum, 458, 461, 
481, 483-84, 486-87, 489, 
495-97, 505 



Flavobacterium xinjiangense, 458, 
461, 481, 483-84, 486-88, 

489-90, 493, 495-97, 505 
Flavobacterium yabuuchiae. See 
Sphingobacterium spiritovorum 
Flectobacillus, 459 
Flexibacter, 511, 549, 553, 555, 

567-68, 571-72, 576-77, 579-81, 
869 

Flexibacter auranticus, 483 
Flexibacter auranticus copepodarum, 
458 

Flexibacter auranticus excathedrus, 
458, 482-84, 486-87, 489, 492 
Flexibacter canadensis, 510 
Flexibacter echinicida, 458 
Flexibacter elegans, 549, 564, 571-72, 
577 

Flexibacter filiformis, 549, 552, 564, 
567-69, 571-72, 578 
Flexibacter flexilis, 550, 577, 713 
Flexibacter giganteus, 854. See also 
Herpetosiphon 

Flexibacter maritimus, 554, 681 
Flexibacter polymorphus, 568, 570, 
685 

Flexibacter tractuosus, 458 
Flexirubin 

Bergeyella, 648 
Capnocytophaga, 710 
Chryseobacterium, 648, 652, 654 
Cytophaga, 555, 558, 682 
Cytophagale, 553, 558, 571-72 
Elizabethkingia, 648, 653-54 
Empedobacter, 633 
Flavobacteriaceae, 466, 471, 

681 

Flavobacterium, 471, 494-95, 
500-501, 545 
Flexibacter, 553, 555, 577 
Myroides, 633 
Riemerella, 648 
Sporocytophaga, 555, 558 
Flexispira rappini. See Helicobacter 
flexispira 

Flexithrix dorotheae, 561 , 571, 576 
Florfenicol resistance/sensitivity, 
Flavobacterium, 508, 515, 518 
Fluoroquinolone resistance/ 
sensitivity 
Bacteroides, 411 
Ornithobacterium, 705 
5 -Fluor our acil resistance/sensitivity 
Helicobacter, 150, 152-54 
Leptospira, 304 
Fly habitat 

Empedobacter, 631 
Myroides, 631, 635 
Footrot, Fusobacterium, 1018-19 
Formalin treatment, Flavobacterium, 
515, 518-19 
Formate production 
Bacteroides, 387 
Chloroflexus, 831 
Propionigenium, 957 
Formate utilization. See Organic 
acid utilization 
Formosa, 481, 690 
Formosa algae, 678, 680, 682-83 



3-Formylindole, 92 
Fowl. See also specific fowl 
Borrelia, 237, 279 
Brachyspira, 345 
Chryseobacterium, 645 
Flavobacterium, 488 
Fusobacterium, 1017 
Ornithobacterium, 695-96, 703 
Fox habitat, Helicobacter, 153 
Freshwater environment 
Acetobacterium, 5 
Achromatium, 943-44 
Bdellovibrio, 14-16 
Beggiatoa, 941 
Brachyarcus, 998-99 
Caulococcus, 996-97 
Chlorobiaceae, 359, 362-63, 370, 
372 

Chloroflexaceae, 815, 820 
Chlorofiexus, 818, 825 
Chloronema, 815, 816, 822, 826, 
828-29 

Chryseobacterium, 638, 642-43, 
645, 653, 663 
Clostridium, 5 

Cytophaga, 550, 552, 553, 555 
Cytophagale, 553-54, 560-61, 576 
Elizabethkingia, 638, 643 
Empedobacter, 631-32 
Flavobacteriaceae, 470 
Flavobacterium, 461, 482, 484-87, 
489-90, 493-96, 511-15, 520, 
540 

Flexibacter, 553, 555 
Gallionella, 990 
Gemmata, 781-82 
Herpetosiphon, 854-55, 858, 862, 
872 

Kusnezovia, 997 
Leptospira, 305, 307 
Metallogenium, 1006 
myxobacteria, 37-38 
Oscillochloris, 815, 817, 822-23, 
828, 830 
Pelobacter, 5-6 
Pelosigma, 1002 
Pirellula, 778 
Planctomyces, 762, 773 
Planctomycetales, 762-65 
Propionigenium, 955-56 
Prosthecobacter, 882, 887 
Salegentibacter, 462 
Saprospira, 591-99 
Siderocapsa, 1005, 1006 
Sphingomonas, 610 
Spirochaeta, 195, 198, 200, 205, 
207 

Sporocytophaga, 555 
Thiospira, 947 
Toxothrix, 986-88 
Verrucomicrobia, 884 
Verrucomicrobium, 882, 885 
Frog habitat 

Chryseobacterium, 646, 664 
Elizabethkingia, 664 
Frozen environment 
Aequorivita, 678 
Cellulophaga, 678 
Flavobacteriaceae, 472 
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Flavobacterium, 461, 485-88, 490, 
494-95, 497 
Gelidibacter, 462, 678 
Hymenobacter, 712 
Maribacter, 679 
Polaribacter, 462, 679 
Prosthecobacter, 887 
Psychroflexus, 462, 679 
Sphingomonas, 612, 620 
Verrucomicrobia, 881 
Fructose utilization. See 

Monosaccharide utilization 
Fruiting body 

description of, 72-73 
formation of, 77-80 
Herpeto siphon, 857 
myxobacteria, 31-35, 38-44, 48, 
51, 57-59, 61, 70-91 
Fucobacter, 455, 462 
Fucobacter marina, 458, 462, 

466-67 

Fucoidan degradation 
Flavobacteriaceae, 470 
Fucophilus, 885 

Fucophilus fucoidanolyticus, 881 
Fucose utilization 
Bacteroides, 400 
Borrelia, 243 
Sphingomonads, 615 
a-Fucosidase 
Bacteroides, 414 
Chryseobacterium, 701 
Coenonia, 701 
Ornitho bacterium, 701 
Pasteur ella, 701 
Riemerella, 701 
Fumarate reduction 
Bacteroides, 387, 388, 390 
Capnocytophaga, 710 
Cytophagale, 565 
Propionigenium, 957 
Wolinella, 178-84, 184, 186 
Furans 

Chryseobacterium, 669 
Flavobacterium, 515 
Furazolidone, Chryseobacterium, 
664 

Fusidic acid sensitivity, 
Hymenobacter, 728 
Fusobacteria, 957 
Fusobacterium, 412, 957, 1016-23 
Fusobacterium alocis, 1016-17 
Fusobacterium gonidiaformans, 
1017, 1022-23 

Fusobacterium mortiferum, 413, 
1017, 1020-22 

Fusobacterium naviforme, 1016-17, 
1022-23 

Fusobacterium necrogenes, 1017 
Fusobacterium necrophorum, 
1016-23 

Fusobacterium nucleatum, 428, 957, 
1016-23 

Fusobacterium periodonticum, 
1016-17, 1023 

Fusobacterium prausnitzii, 1016-17 
Fusobacterium russii, 1017, 1022 
Fusobacterium simiae, 1016 
Fusobacterium sulci, 1016-17 



Fusobacterium ulcerans, 1017, 1023 
Fusobacterium varium, 1017, 
1020-22 



G 

Galactosamine utilization, 
Porphyromonas , 439 
Galactose utilization. See 

Monosaccharide utilization 
a-Galactosidase production 
Meiothermus, 802 
Rhodothermus, 717-18 
Thermus, 799 

(3-Galactosidase production 
Aequorivita, 467 
Arenibacter, 467 
Bergeyella, 467, 535, 649 
Capnocytophaga, 467 
Cellulophaga, 467 
Chryseobacterium, 467, 649, 654, 

701 

Coenonia, 467, 701 
Croceibacter, 467 
Cytophaga, 467 
Elizabethkingia, 649, 654 
Empedobacter, 467 
Flavobacterium, 467, 543, 545 
Fucobacter, 467 
Gelidibacter, 468, 469 
Mesonia, 468, 469 
Muricauda, 468, 469 
Myroides, 468, 469 
Ornithobacterium, 468, 469, 701, 

702 

Pasteurella, 701 
Polaribacter, 468, 469 
Psychroflexus, 468, 469 
Psychroserpens, 468, 469 
Riemerella, 468, 469, 649, 700, 

701 

Salegentibacter, 468, 469 
Tenacibaculum, 468, 469 
Thermus, 799 
Ulvibacter, 468 
Vitellibacter, 468 
Weeksella, 469, 535 
Zobellia, 469 

Gallic acid utilization, Pelobacter, 5, 
7 

Gallionella, 990-94, 1014 
Gallionella ferruginea, 986, 990, 994 
Gallionella fllamenta, 994 
Gas-liquid chromatography analysis, 
Bacteroides, 412-13 
Gastric cancer, Helicobacter, 166 
Gastric mucosa, Helicobacter, 139, 
141, 143, 147-52, 159-60, 162, 
164 

Gastritis, Helicobacter, 166 
Gastroenteritis 
Helicobacter, 155, 163 
Myroides, 634 
Gastrointestinal tract, 

Intestinal tract 
Bacteroides, 395-96, 400 
Chlamydia, 749 
Fusobacterium, 1016-17 



Gas vesicles 
Brachyarcus, 998-99 
Chlorobiaceae, 360, 364, 370 
Chloroflexus, 819 
Chloronema, 818, 819 
Heliothrix, 819 
Isosphaera, 764, 787 
Oscillochloris, 818, 819 
Polaribacter, 681 
Roseiflexus, 819 
G-i-C content 
Aequorivita, 467, 685 
Aquifex, 929 
Arenibacter, 467, 685 
Bacteroides, 392 
Bergeyella, 467, 534-35, 544, 650 
Borrelia, 249 
Brachyspira, 330, 333 
Capnocytophaga, 467 
Cellulophaga, 467, 685 
Chlorobiaceae, 361, 364 
Chloroflexus, 819, 828 
Chloronema, 819 
Chryseobacterium, 467, 534, 650, 
653, 663 
Coenonia, 467 
Croceibacter, 467, 685 
Cytophaga, 467, 540, 685 
Cytophagale, 572, 575 
Elizabethkingia, 650, 653, 663 
Empedobacter, 467, 633 
Fervido bacterium, 904 
Flavobacteriaceae, 459, 473, 687 
Flavobacterium, 467, 485-86, 493, 
494-95, 501, 510, 539-40, 543-44 
Formosa, 685 
Fucobacter, 467 
Fusobacterium, 1016 
Gelidibacter, 468, 469, 685 
Gemmata, 761, 781, 784 
Geotoga, 904 
Gillisia, 685 

Haliscomenobacter, 604 
Helicobacter, 141, 143, 149-56, 

162 

Heliothrix, 819 

Herpetosiphon, 854-55, 868-69, 
871-72, 874 
Hydrogenobacter, 929 
Hydrogenobaculum, 929 
Hydrogenothermus, 929 
Hymenobacter, 726, 731 
Isosphaera, 761 
Leptospira, 301 
Lysobacter, 575 
Maribacter, 685 
Marinithermus, 808 
Marinitoga, 904 
Mesonia, 468, 469, 685 
Muricauda, 468, 469, 685 
Myroides, 468, 469, 534, 633 
Novosphingobium, 609 
Oceanitherums, 808 
Opitutus, 882 

Ornithobacterium, 468, 469 
Oscillochloris, 819, 829 
Petrotoga, 904 
Planctomyces, 761, 111 
Planctomycetales, 761, 766 
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Polaribacter, 468, 469, 685 
Porphyromonas, 431 
Prosthecobacter, 882 
Psychroflexus, 468, 469, 685 
Psychroserpens, 468, 469, 685 
Rhodothermus, 712 
Riemerella, 468, 469, 650 
Robiginitalea, 685 
Roseiflexus, 819, 829 
Salegentibacter, 468, 469, 685 
Saprospira, 593, 599-600 
Sphingobacterium, 534, 543-44 
Sphingobium, 609 
Sphingomonads, 618 
Sphingomonas, 609 
Sphingopyrix, 609 
Spirochaeta, 197, 204 
Streptobacillus, 983 
Streptomyces, 874 
Taxeobacter, 575, 726 
Tenacibaculum, 468, 469, 685 
Thermocrinis, 929 
Thermoleophilum, 845 
Thermomicrobium, 849-50 
Thermonema, 722-23 
Thermosipho, 904 
Thermotoga, 904 
Thermotogales, 899 
Treponema, 212, 223 
Ulvibacter, 468, 685 
Verrucomicrobium, 882, 886 
Victivallis, 882, 894 
Vitellibacter, 468, 685 
Vulcanitherums , 808 
Weeksella, 469, 534-35, 544 
Wolinella, 188 
Zobellia, 469, 685 
Zoogloea, 966 
Geese habitat 
Borrelia, 279 
Coenonia, 695, 703 
Ornithobacterium, 703 
Riemerella, 695, 703-4 
Gelatin hydrolysis 
Aequorivita, 467 
Arenibacter, 467 
Bacteroides, 383, 389, 399, 405 
Bergeyella, 467, 534, 535 
Capnocytophaga, 467 
Cellulophaga, 467 
Chryseobacterium, 467, 534, 645 
Coenonia, 467 
Croceibacter, 467 
Cytophaga, 467 
Empedobacter, 467 
Flavobacterium, 467, 490, 493, 502 
Fucobacter, 467 
Gelidibacter, 468, 469 
Herpetosiphon, 869 
Mesonia, 468, 469 
Muricauda, 468, 469 
Myroides, 468, 469, 534 
Ornithobacterium, 468, 469 
Pirellula, 780 
Polaribacter, 468, 469 
Psychroflexus, 468, 469 
Psychroserpens, 468, 469 
Riemerella, 468, 469 
Salegentibacter, 468, 469 



Salinibacter, 733 
Sphingobacterium, 534 
Tenacibaculum, 468, 469 
Thermonema, 724 
Thermus, 799 
Ulvibacter, 468 
Vitellibacter, 468 
Weeksella, 469, 534, 535 
Zobellia, 469 

Gelidibacter, 455, 462, 466-69, 471, 
481, 488, 678, 689 
Gelidibacter algens, 458, 462, 678, 
680-81, 697 

Gelidibacter mesophilus, 458, 462, 
472, 678, 680 

Gemmata, 760-72, 775, 781-84 
Gemmata obscuriglobus, 759, 761, 
763-64, 767, 769, 771-72, 
781-84, 788 
Genetics 
Aquificales, 935 
Bacteroides, 392-95 
Borrelia, 249-56 
Brachyspira, 342-44, 346 
Campylobacter, 124, 128-29, 133 
Chlorobiaceae, 369-70 
Chloroflexus, 836 
Chryseobacterium, 663 
Elizabethkingia, 663 
Flavobacteriaceae, 473 
Flavobacterium, 510 
Herpetosiphon, 873-74 
Feptospira, 301-2 
Planctomycetales, 772 
Porphyromonas, 439-40 
Sphingomonads, 617-18 
Iliermotogales, 915-17 
Treponema, 223-24 
Wolinella, 188 
Zoogloea, 966-67 
Genetic transformation 
Borrelia, 255-56 
Chlorobiaceae, 369 
Feptospira, 302 
Genitalia, Treponema, 212-13 
Genome sequence 
Aquifex, 935 
Bacteroides, 392 
Borrelia, 242, 247-50, 252-53 
Chlorobiaceae, 369 
Chloroflexus, 836 
Gemmata, 772 
Feptospira, 301 
Pirellula, 772 

Planctomycetales, 768-72, 772 
Porphyromonas, 440 
Sphingomonads, 618-19 
Thermotoga, 916 
Thermus, 804 

Gentamycin resistance/ sensitivity 
Bacteroides, 411 
Coenonia, 699 
Hymenobacter, 728 
Ornithobacterium, 700, 705 
Rhodothermus, 721 
Riemerella, 699, 705 
Geosmin, 92, 94 
Geotoga, 899 
Geotoga petraea, 901-5 



Geotoga subterranea, 901-5 
Gigantomonas capitata, 998 
Gigantomonas cucullata, 998, 1001 
Gillisia, 481, 678 
Gillisia limnaea, 678, 680 
Gills 

Chryseobacterium, 640, 643-45, 
663-64 

Cytophagale, 561 
Elizabethkingia, 640, 643-44 
Flavobacterium, 485, 487-88, 491, 
502, 512-13, 516-20 
Thermosipho, 903 

Gingipains. Cysteine proteinases 
Gingival environment 
Bergeyella, 533 
Fusobacterium, 1018, 1020 
Porphyromonas, 428-38, 440, 442, 
446 

Gingivitis 

Fusobacterium, 1018 
Porphyromonas, 428, 430-31 
Treponema, 211, 213, 220 
Gliding motility 
Aequorivita, 682 
Arenibacter, 682 
Capnocytophaga, 709-10 
Cellulophaga, 681, 682 
Chloroflexus, 815, 824, 832 
Chloronema, 815, 832 
Chryseobacterium, 654 
Croceibacter, 682 
Cytophaga, 569, 681 
Cytophagale, 553, 555, 570, 573, 
575, 578 

Elizabethkingia, 654 
Flavobacteria, 575 
Flavobacteriaceae, 681 
Formosa, 682 
Gelidibacter, 681, 682 
Gillisia, 682 

Heliothrix, 815, 817, 832 
Herpetosiphon, 854 
Hymenobacter, 725 
Isosphaera, 784 
Maribacter, 682 
Mesonia, 682 
Muricauda, 682 
myxobacteria, 38, 68-70 
Oscillochloris, 815, 832 
Polaribacter, 682 
Psychroflexus, 681, 682 
Psychroserpens, 682 
Robiginitalea, 682 
Roseiflexus, 832 
Salegentibacter, 682 
Saprospira, 591, 594, 596-97 
Tenacibaculum, 682 
Thermonema, 722-23 
Toxothrix, 986-87 
Ulvibacter, 682 
Vitellibacter, 682 
Zobellia, 681, 682 
Gluconate oxidation 
Bergeyella, 535 
Weeksella, 535 

Gluconeogenesis, Sorangium, 60 
Gluconobacter, 965 
Gluconobacter oxydans, 965-66 
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Glucosamine utilization 
Borrelia, 243 
Brachyspira, 339 
Haliscomenobacter, 604 
Porphyromonas, 439 
Glucosephosphate isomerase, 
Leptospira, 298 
Glucose utilization. See 

Monosaccharide utilization 
Glucosidase, Bacteroides, 399-400 
Glutamate dehydrogenase 
Bacteroides, 388-90 
Fusobacterium, 1023 
Salinibacter, 732 

Glutamate production, Bacteroides, 
388, 390 

Glutamate utilization 
Flavobacteriaceae, 683 
Flavobacterium, 510 
Fusobacterium, 1019 
Haliscomenobacter, 604 
Leptospira, 298 
Rhodothermus, 715 
Glutamine synthetase, Bacteroides, 
388 

Glutamine utilization, Meiothermus, 
802 

y- Glutamyl transferase, 

Helicobacter, 141, 143, 161 
y- Glutamyl transpeptidase, 
Helicobacter, 149-59, 162, 
164-66 

Glycerol utilization. See Alcohol 
utilization 
Glycine tolerance 
Campylobacter, 121 
Helicobacter, 141, 143, 149-59, 
162-66 

Glycine utilization 
Leptospira, 298 
Thermoleophilum, 845 
Glycogen production, myxobacteria, 
60 

Glycogen utilization 
Bacteroides, 414 
Prosthecobacter, 888 
Glycolipids 
Marinithermus, 809 
Vulcanitherums, 809 
Glycoside production, 
myxobacteria, 63 
Glycosphingolipids (GSL) 
Erythrobacter, 606 
Novosphingobium, 609 
Porphyrobacter, 606 
Sphingobium, 609 
Sphingomonads, 615, 617, 621 
Sphingomonas, 605-6, 609 
Sphingopyrix, 609 
Glyoxalate pathway, Leptospira, 

298 

Green alga, 854. See also 
Cladophora 

Green sulfur bacteria, 815, 826, 833, 
844, 849, 855, 900, 999. also 
Chlorobiaceae 

GSL. See Glycosphingolipids 
Guar gum utilization, Bacteroides, 
384-85, 398 



Guillain-Barre syndrome (GBS), 
Campylobacter, 130 
Guinea pig habitat 
Brachyspira, 345 
Fusobacterium, 1017 
Helicobacter, 169 
Leptospira, 307 
Streptobacillus, 983 
Treponema, 212 



H 

Habitats. See specific habitats 
Haemophilus influenzae, 704 
Halanaerobacter lacunarum, 714 
Halanaerobium lacusrosei, 714 
Haliangium, 36, 85-86, 91 
Halibut habitat 

Chryseobacterium, 644 
Tenacibaculum, 687 
Haliscomenobacter, 549, 602-4, 987 
Haliscomenobacter hydros sis, 602-4 
Haloanella gallinarum, 458, 639, 643, 
668 

Haloarcula marismortui, 731 
Halobacterium salinarum, 731-32 
Halomonas aquamarina, 714 
Halorhodospira halophila, 714 
Hamster habitat 
Bacteroides, 404 
Helicobacter, 140, 153, 156, 158 
Leptospira, 300 

Haploangium, 36-37, 39, 48, 85-86, 
89 

Haploangium minus, 89 
Haploangium rugiseptum, 89 
Hard tick, Borrelia, 235, 237-39 
Haverhill fever, Streptobacillus, 
983-84 

Haverhillia moniliformis, 983. 

See also Streptobacillus 
moniliformis 

Haverhillia multiformis, 983. 

See also Streptobacillus 
moniliformis 
Hay, Spirochaeta, 203 
Heart. See Cardiovascular 
environment 

Heat purification, myxobacteria, 46, 
82 

Heat shock protein 
Chlamydia, 746, 751 
Leptospira, 302 
Planet omycetales, 757 
Rhodothermus, 715 
Heat tolerant. See also Thermophile 
Chloroflexus, 821 
Herpetosiphon, 858 
Heavy metals 
Bdellovibrio, 16 
Zoogloea, 967-68 
Helicobacter, 119-20, 139-69 
Helicobacter acinonychis, 140-41, 
146, 151, 168 

Helicobacter aurati, 139-42, 146, 153, 
159 

Helicobacter bilis, 139-42, 146, 154, 
156-57, 159, 161, 168 



Helicobacter Bird-B and Bird-C, 

142. 162 

Helicobacter bizzozeronii, 140-41, 

144- 46, 150-52, 161 
Helicobacter bovis, 142, 146, 160 
Helicobacter canadensis, 140-41, 

146, 159, 164, 168 

Helicobacter canis, 140-41, 144, 146, 
153-54, 156, 159, 163-64, 168 
Helicobacter cetorum, 142-43, 146, 

164- 65 

Helicobacter cholecystus, 140-41, 

146, 156-57, 164 

Helicobacter cinaedi, 120, 124, 126, 
140-41, 144-46, 153, 156, 

162-63, 168 

Helicobacter colifelis, 142, 162-63 
Helicobacter Cottontop tamarin. See 
Helicobacter tamarin 
Helicobacter felis, 140-41, 144-47, 
150-52, 161, 168 

Helicobacter fennelliae, 124, 126, 
140-41, 144, 146, 153, 162, 164, 
168 

Helicobacter flexispira, 142, 145-46, 

161- 62, 164, 168 

Helicobacter ganmani, 140-41, 146, 

158- 59, 164 

Helicobacter heilmannii, 142-43, 

145- 46, 150, 161, 167 
Helicobacter hepaticus, 140-41, 146, 

155, 159, 163, 165, 169, 179 
Helicobacter marmotae, 142-43, 146, 
165 

Helicobacter mesocricetorum, 
140-41, 146, 158, 164 
Helicobacter muricola, 142-43, 146, 

165- 66 

Helicobacter muridarum, 139-41, 
144-46, 153-54, 159, 166 
Helicobacter mustelae, 139-41, 
144-46, 149-50, 152, 162, 168 
Helicobacter nemestrinae, 140-41, 
144, 152, 169 

Helicobacter pametensis, 140-41, 

146. 155. 162 

Helicobacter pullorum, 140-41, 146, 
155-56, 159, 163-64, 168 
Helicobacter pylori, 119-20, 139-41, 
144-49, 151-52, 155, 164, 166, 
168-69, 178 

Helicobacter rappini, 124, 126, 142, 
154, 156, 161-62, 169 
Helicobacter rhesus, 142, 164-65 
Helicobacter rodentium, 140-41, 146, 
157-58, 164-65 

Helicobacter salomonis, 140-41, 
144-46, 150-52 

Helicobacter strain CLO-3, 142, 162 
Helicobacter suis, 142, 146, 160-61 
Helicobacter suncus, 142-43, 146, 

162- 63 

Helicobacter tamarin, 142, 163-64 
Helicobacter trogontum, 140-42, 146, 
156, 161 

Helicobacter typhlonius, 140-41, 146, 

159- 60, 165 

Helicobacter westmeadii. See 
Helicobacter cinaedi 
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Helicobacter winghamensis, 142-43, 
146, 163-64, 168 

Heliobactericeae, 360, 366-67, 815 
Heliothrix, 818, 822-23, 826, 828-29, 
870 

Heliothrix oregonensis, 764, 815, 817, 
819-20, 822-23, 826, 829-30, 
832-33 

Hemagglutinins 

Chryseobacterium, 664 
Flavobacterium, 513, 517 
Fusobacterium, 1019 
Porphyromonas, 434-39, 441 
Hematoporphyrin utilization, 
Bacteroides, 384 
Hemicellulose utilization, 
Bacteroides, 384, 386, 398 
Hemin requirement 
Bacteroides, 382-84, 387-88, 404 
Porphyromonas, 437-38, 440-41 
Hemoglobin utilization 
Bacteroides, 384, 406 
Leptospira, 299, 308 
Porphyromonas, 434-35, 437 
Hemopexin, Bacteroides, 404-5 
Heparin sulfate utilization 
Bacteroides, 385, 405 
Cytophagale, 574 

Hepatitis, Helicobacter, 156, 168-69 
Herbicides 
Sphingobium, 612 
Sphingomonads, 612-13, 616 
Herpeto siphon, 41, 815, 817-18, 844, 
849, 854-74, 987 
Herpetosiphon aurantiacus, 817, 
854-59, 862-63, 866-73 
Herpetosiphon cohaerens, 854. See 
also Lewinella 

Herpetosiphon geysericola, 817, 854, 
858, 861, 863, 868, 871-72 
Herpetosiphon nigricans, 854. See 
also Lewinella 

Herpetosiphon persicus, 854. See 
also Lewinella 
Hexachlorocyclohexane 

degradation, Sphingomonas, 
620-21 

Hexose metabolism, myxobacteria, 
60 

Hillhousia mirabilis, 943. See also 
Achromatium oxaliferum 
Hillhousia palustris, 943. See also 
Achromatium oxaliferum 
Hippurate hydrolysis 
Brachyspira, 333 
Campylobacter, 121, 125-26 
Fusobacterium, 1023 
Helicobacter, 149-59, 162 
Histidine aminopeptidase, 
Helicobacter, 150, 154 
Histidine utilization, Saprospira, 599 
HIV, Porphyromonas, 432, 448 
Hollandina, 213, 971-81 
Hollandina pterotermitidis, 971 
Homospermidine 
Flavobacteriaceae, 687 
Hymenobacter, 725 
Thermonema, 723 
Homospermine, Thermonema, 723 



Hooves, Treponema, 213 
Horse habitat 
Borrelia, 237 
Fusobacterium, 1017 
Treponema, 212 
Hospital environment 

Chryseobacterium, 646, 667 
Elizabethkingia, 643, 646, 666 
Sphingomonas, 621 
Hot spring environment 
Aquifex, 927, 928 
Chloroflexaceae, 815, 818, 820 
Chloroflexus, 820-21, 823-24, 828, 
832 

Fervidobacterium, 902-3 
Gallionella, 990-91 
Heliothrix, 815, 820, 822-23, 829 
Herpetosiphon, 854, 871-72 
Hydrogenobacter, 927 
Hydro genobaculum, 927 
Hydrogenothermus, 928 
Isosphaera, 764, 784-86 
Marinitoga, 903 
Meiothermus, 801-3 
Pirellula, 778 

Rhodothermus, 712, 714-15, 
718-22 

Roseiflexus, 820, 822-23, 829 
Thermocrinis, 927-28 
Thermoleophilum, 843-44 
Thermomicrobium, 849-50 
Thermonema, 722-24 
Thermosipho, 903 
Thermus, 798, 801-2 
Verrucomicrobia, 881 
Human habitat 
Bacteroides, 381, 395-96 
Bergeyella, 460, 532-33, 536 
Borrelia, 235-39, 255, 257, 262, 
269, 276 

Brachyspira, 330-32, 335, 348 
Campylobacter, 130, 132 
Capnocytophaga, 460, 554, 561, 
578, 581, 709 
Chlamydia, 741, 746-53 
Chryseobacterium, 460, 638, 640, 
665-68, 701 

Elizabethkingia, 638, 640, 665-68 
Empedobacter, 461, 631 
Flavobacteriaceae, 473 
Elavobacterium, 488, 510-11, 541 
Eusobacterium, 1016, 1018 
Haloanella, 668 
Helicobacter, 139-40, 142, 151, 
153-54, 160-63, 166 
Leptospira, 294, 305-6, 308-11 
Myroides, 462, 631 
Porphyromonas, 428-29, 438, 447 
Sphingomonads, 613 
Sphingomonas, 621 
Streptobacillus, 983 
Treponema, 211-13, 215, 217 
Verrucomicrobia, 884 
Weeksella, 463, 532-33, 541 
Wolinella, 178 

Human intestinal spirochetosis, 
Brachyspira, 348 
Hyalangium, 85-86, 88-89 
Hyalangium minutum, 97 



Hyalobotrys hypolimnicus, 998 
Hyaluronic acid utilization 
Bacteroides, 385, 405 
Flavobacteriaceae, 470 
Elavobacterium, 502 
Hydrogenase, Wolinella, 184 
Hydrogenobacter, 925-30, 934 
Hydrogenobacter acidophilus, 925. 
See also Hydro genobaculum 
acidophilum 

Hydrogenobacter halophilus, 927-30 
Hydrogenobacter hydrogenophilus , 

925- 27, 929-30 

Hydrogenobacter subterraneus , 

926- 27, 929-30 

Hydrogenobacter thermophilus , 902, 
926-32 

Hydrogenobaculum, 925, 927-29 
Hydrogenobaculum acidophilum, 
925-27, 929-30, 934 
Hydrogenothermaceae, 925-26 
Hydrogenothermus, 929 
Hydrogenothermus marinus, 925-30, 
932, 934 

Hydrogen peroxide sensitivity 
Bacteroides, 391 
Eusobacterium, 1019 
Sphingomonas, 617 
Hydrogen production 
Brachyspira, 330, 340 
Propionigenium, 957 
Spirochaeta, 204, 206 
termite gut spirochete, 325 
Thermotogales, 899, 915 
Victivallis, 894 
Wolinella, 180 

Hydrogen sulfide production 
Aquifex, 934 
Bergeyella, 535, 649 
Campylobacter, 121, 125-26 
Chryseobacterium, 645, 649 
Elizabethkingia, 649 
Elavobacterium, 494-95 
Planctomycetales, 763 
Riemerella, 649 
Saprospira, 599 
Spirochaeta, 204 
Streptobacillus, 984 
Thermocrinis, 934 
Thermotogales, 915 
Weeksella, 535 
Wolinella, 180 
Hydrogen sulfide reduction 
Achromatium, 941-46 
Aequorivita, 685 
Arenibacter, 685 
Cellulophaga, 685 
Croceibacter, 685 
Cytophaga, 685 
Eormosa, 685 
Gelidibacter, 685 
Gillisia, 685 
Macromonas, 941-42 
Maribacter, 685 
Mesonia, 685 
Muricauda, 685 
Polaribacter, 685 
Psychrofiexus, 685 
Psychroserpens, 685 
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Robiginitalea, 685 
Salegentibacter, 685 
Tenacibaculum, 685 
Thiobacterium, 941-42, 947 
Thiospira, 941-42, 947-48 
Thiovulum, 941-42, 948-49, 952 
Ulvibacter, 685 
Vitellibacter, 685 
Zobellia, 685 
Hydrogen utilization 
Aquifex, 934 
Aquificales, 925, 934 
Campylobacter, 121 
Chlorobiaceae, 359, 368 
Chloroflexus, 830 
Helicobacter, 148, 153 
Marinithermus, 808, 809 
Oceanitherums, 808, 809 
Oscillochloris, 830 
termite gut spirochete, 323, 

325-27 

Thermotoga, 915 
Vulcanitherums, 808, 809 
3-Hydroxypropionate production, 
Pelobacter, 9 
Hymenobacter, 724-29 
Hymenobacter actinosclerus, 713, 
725-26, 728-29 

Hymenobacter aerophilus, 713, 
725-26, 728-29 

Hymenobacter roseosalivarius, 713, 
725-28-729 
Hyphomicrobium, 766 

I 

Ibuprofen, Porphyromonas , 432 
Ice environment. See Frozen 
environment 
Ilyobacter, 957 
IM. See Inner membrane 
Imipenem, Bacteroides, 407 
Immune response, Porphyromonas, 
445-47 
Immunity 

Chlamydia, 746 
Leptospira, 308-9 
Immunoelectron microscopy, 
Borrelia, 244-45 
Immunoglobulin G (IgG), 
Porphyromonas, 445 
Indole production 
Aequorivita, 467 
Arenibacter, 467 
Bacteroides, 414 
Bergeyella, 467, 534, 535, 649 
Brachyspira, 333 
Capnocytophaga, 467 
Cellulophaga, 467 
Chryseobacterium, 467, 534, 649, 
701 

Coenonia, 467, 701 
Croceibacter, 467 
Cytophaga, 467 
Elizabethkingia, 649 
Empedobacter, 467, 633 
Elavobacterium, 467, 493, 539, 542, 
543 



Eucobacter, 467 
Eusobacterium, 1022 
Gelidibacter, 468, 469 
Mesonia, 468, 469 
Muricauda, 468, 469 
Myroides, 468, 469, 534 
Ornithobacterium, 468, 469, 701 
Pasteurella, 701 
Polaribacter, 468, 469 
Psychroflexus, 468, 469 
Psychroserpens, 468, 469 
Riemerella, 468, 469, 649, 700, 
701 

Salegentibacter, 468, 469 
Saprospira, 599 
Sphingobacterium, 534 
Tenacibaculum, 468, 469 
Ulvibacter, 468 
Vitellibacter, 468 
Weeksella, 469, 534, 535, 543 
Zobellia, 469 

Indoxyl acetate hydrolysis 
Campylobacter, 121, 125-26 
Helicobacter, 141, 143, 149-59, 
162-66 

Inflammation, Chlamydia, 746 
Innate immunity, Borrelia, 276-77 
Inner membrane (IM) 

Cytophaga, 570 
Leptospira, 297 
Treponema, 215 
Insect habitat 

Chryseobacterium, 644 
spirochetes, symbiotic, 974 
Treponema, 212 

Interleukin, Porphyromonas, 434, 
441-43, 447 
Intestinal mucosa 
Brachyspira, 332, 334, 344 
Campylobacter, 122 
Helicobacter, 139, 141, 143, 
147-48, 152-59 
Intestinal tract 
Bacteroides, 381-82, 389, 397, 
400-401 

Brachyspira, 330, 336, 344-45 
Chryseobacterium, 643-44, 663 
Elizabethkingia, 643 
Elavobacterium, 488 
Eusobacterium, 1020 
Myroides, 631 

spirochetes, symbiotic, 974, 981 
Treponema, 212-13 
Iritis, Borrelia, 261 
Iron requirement 
Bacteroides, 391, 404-5 
Borrelia, 243 
Brachyspira, 340-41 
Chloroflexus, 821 
Leptospira, 299 
Planctomyces, 763 
Planctomycetales, 762-63 
Porphyromonas, 440-41 
Iron utilization 

Caulococcus, 996-97 
Gallionella, 990-92 
Kusnezovia, 996-97 
Siderocapsa, 1005 
Siderocapsaceae, 1007 



Thermotoga, 915 
Toxothrix, 986-88 
IS elements, Leptospira, 301-2 
Isobutyrate production 
Bacteroides, 414 
Porphyromonas, 428 
Spirochaeta, 206, 208 
Isocitrate dehydrogenase 
Bacteroides, 390 
Thermoleophilum, 847 
Isocitrate lyase, Leptospira, 298 
Isocystis pallida, 760, 785. «/5'o 

Isosphaera pallida 
Isocystis salina, 785 
Isoleucine fermentation 
Saprospira, 599 
Spirochaete, 206, 208 
Isoleucine synthesis, Bacteroides, 
390 

Isorenieratene, Chlorobiaceae, 361, 
366, 372 

Isosphaera, 760-72, 784-88 
Isosphaera pallida, 159, 760-61, 764, 
767, 769-70, 772, 784-88, 826, 
829 

Isovalerate production 
Bacteroides, 414 
Porphyromonas, 428 
Spirochaeta, 206, 208 

j 

Jahnia, 73, 85-86, 90 
Jahnia thaxteri, 76-79, 97 
Jarisch-Herxheimer reaction, 
Borrelia, 277-78 
Jaundice, Leptospira, 294 

K 

Kaistella, 639-40 
Kaistella koreensis, 458, 639, 647, 
657 

Kanamycin resistance/sensitivity 
Bacteroides, 413 
Cytophaga, 575 
Elavobacterium, 508 
Herpetosiphon, 860 
Hymenobacter, 728 
Rhodothermus, 721 
Riemerella, 705 
Salinibacter, 733 
Sporocytophaga, 575 
Thermomicrobium, 850 
Thermonema, 724 
Wolinella, 188 
Keratin hydroloysis 
Cytophaga, 539 
Elavobacterium, 520 
Keratitis, Empedobacter, 634 
Kidney 

Cytophagale, 561 
Elavobacterium, 461, 512-13 
Leptospira, 294, 300, 305-7, 309 
Kofleria, 85-86, 91 
Kofleria flava, 64, 91, 99 
Kordia algicida, 458 
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Kouleothrix aurantiacus, 870 
Krajian procedure, Treponema, 219 
Krebs cycle 
Bacteroides, 390 
Helicobacter, 149 
Kuenenia, 759, 764, 773 
Kusnezovia, 996-97 
Kusnezovia polymorpha, 997 

L 

P-Lactam resistance/sensitivity 
Bacteroides, 407-10 
Bergeyella, 534-35 
Capnocytophaga, 581, 710 
Chlamydia, 745 
Chryseohacterium, 667 
Elizabethkingia, 667 
Flavobacterium, 508 
Flexibacter, 580 
Fusobacterium, 1020 
Myroides, 633, 635 
Planctomycetales, 761 
Weeksella, 534-35 
Lactate production 
Bacteroides, 387-88, 414 
Borrelia, 242 
Chloroflexus, 831 
Propionigenium, 957 
Spirochaeta, 204, 206 
Thermotogales, 915 
Lactate utilization, Organic acid 

utilization 

Factobacillus casei, 869 
Factobacillus plantarum, 846-47 
Lactose utilization, Di- and 

trisaccharide utilization 
Lagoon environment. See 
Freshwater environment 
Lake environment. See Freshwater 
environment 
Laminarin utilization 
Bacteroides, 385 
Flavobacteriaceae, 470 
Flavobacterium, 501, 520 
Lanosterol production, 
myxobacteria, 63 
Laryngitis, Fusobacterium, 1019 
Leptirospirosis, 294, 305-7 
Feptonema, 195, 197, 214-15, 235, 
255, 294 

Feptonema illini, 197, 214, 294, 326, 
713 

Feptospira, 195, 197, 214-15, 235, 
249, 255, 294-311, 340 
Feptospira alexanderi, 295 
Feptospira biflexa, 197, 294-99, 
301-2, 326 

Feptospira borgpetersenii, 295, 
298-301, 308 
Feptospira fainei, 295 
Feptospira hardjo, 294 
Feptospira icterohaemorrhagiae, 294 
Feptospira illini. See Feptonema 
illini 

Feptospira inadai, 295, 297-98 
Feptospira interrogans, 197, 214, 
294-95, 298-301, 308, 342 



Feptospira kirschneri, 295-96, 308 
Feptospira meyeri, 295, 298 
Feptospira noguchii, 295, 298, 308, 
321 

Feptospira parva. See Turneria 
parva 

Feptospira pomona, 294 
Feptospira santarosai, 295, 298, 308 
Feptospira weilii, 295, 298, 308 
Feptospira wolbachii, 295 
Feptothrichia, 957, 1021 
Feptothrix, 604 

Feptothrix tricho genes, 986. See also 
Toxothrix trichogenes 
Feptotrichia buccalis, 957, 1023 
Lettuce, Chryseobacterium, 643 
Leucine aminopeptidase, 
Helicobacter, 150, 153 
Leucine arylamidase, Helicobacter, 
149 

Leucine fermentation 
Feptospira, 298 
Saprospira, 599 
Spirochaete, 206, 208 
Leucine synthesis, Bacteroides, 390 
Feucothrix, 855 
Feukobium maior, 1001 
Levofloxacin, Bacteroides, 411 
Fewinella, 854 
Life cycle 

Bdellovibrio, 12-13, 20-21, 23, 25 
Chlamydia, 742-43, 750 
myxobacteria, 38 
Planctomyces, 111 
Planctomycetales, 769, 771 
Fimulus, 581 

Lincomycin resistance/sensitivity, 
Riemerella, 704 

Lincosamide resistance/sensitivity 
Bacteroides, 407, 409 
Ornithobacterium, 705 
Lipase production 
Fusobacterium, 1022 
Feptospira, 298 
Lipids 

Chloroflexus, 832 
Cytophaga, 539 
Cytophagale, 571 
Feptospira, 296-98 
myxobacteria, 62-63 
Pirellula, 761 
Planctomyces, 761 
Planctomycetales, 761-62 
Thermomicrobium, 851 
Thermotoga, 908 
Lipooligosaccharide (LOS), 
Brachyspira, 346-47 
Lipopolysaccharide (LPS) 
Bacteroides, 404 
Borrelia, 235 

Campylobacter, 128, 131-32 
Capnocytophaga, 570, 581 
Chlamydia, 746 
Chloroflexus, 832 
Chryseobacterium, 664 
Cytophagale, 568-69 
Flavobacterium, 503, 514-15 
Flexibacter, 570 
Fusobacterium, 1019 



Helicobacter, 139 
Herpetosiphon, 865, 867 
Feptospira, 294-97, 299-300, 302, 
308, 310-11 
myxobacteria, 61-62 
Porphyromonas, 429, 438, 442-46 
Sphingomonads, 617, 621 
Thermonema, 723 
Treponema, 216, 224 
Wolinella, 180-81 
Lipoproteins 

Borrelia, 244, 246-47, 253-54, 
265-77 

Feptospira, 296-97, 300 
Fisteria monocytogenes, 631-32 
Liver habitat 
Borrelia, 241 
Chlamydia, 747 
Fusobacterium, 1018 
Helicobacter, 147, 155-56, 165, 

168 

Feptospira, 306-7, 309 
Lizard, Borrelia, 238 
LOS. See Lipooligosaccharide 
Louse-borne relapsing fever, 

Borrelia recurrentis, 236, 240, 

256- 57, 260-62 
Louse, Borrelia, 235-37 
LPS. See Lipopolysaccharide 
Lungs. See Pulmonary environment 
Lyme disease (lyme borreliosis) 

Borrelia, 235, 237-40, 242-43, 245, 

257- 66, 269, 272, 275-78 
vaccine, 278-79 

Lymphatic disease. Chlamydia, 751 
Lymph, Borrelia, 260 
Lymphocytic meningitis, Borrelia, 
263 

Lymphocytoma, Borrelia, 239 
Lyophilization 
Brachyspira, 338 
Chryseobacterium, 662 
Elizabethkingia, 662 
Flavobacteriaceae, 687 
Hydrogenobacter, 934 
Hymenobacter, 728 
Planctomycetales, 788 
Rhodothermus, 721 
Salinibacter, 733 
Streptobacillus, 984 
Thermonema, 724 
Lysine utilization, Saprospira, 599 
Fysobacter, 555, 575-76, 579 



M 

Macaque habitat 
Fusobacterium, 1016 
Helicobacter, 140, 142, 152 
Macrolide lincosamide 

streptogramin resistance/ 
sensitivity, Bacteroides, 392-93, 
408-9 

Macrolide resistance, 

Ornithobacterium, 705 
Macromonas, 941-42, 946-47 
Macromonas bipunctata, 942, 946, 
998 
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Macromonas mobilis, 942, 946, 998, 
1001 

Magnesium requirement 
Bacteroides, 383 
Leptospira, 299 
myxobacteria, 57 
Spirochaeta, 205 
Thermoleophilum, 847 
Major histocompatibility complex 
(MHC), Chlamydia, 745 
Malate dehydrogenase 
Salinibacter, 732 
Thermoleophilum, 847 
Malate production 
Bacteroides, 387 
Chloroflexus, 831 
Malate synthase, Leptospira, 298 
Malate utilization 
Hymenobacter, 728 
Meiothermus, 802 
Malonate utilization 
Bergeyella, 535, 649 
Chryseobacterium, 649 
Elizabethkingia, 649 
Riemerella, 649 
Weeksella, 535 

Maltose production, Myroides, 635 
Maltose utilization. 5'cc Di- and 
trisaccharide utilization 
Maltotetraose production, Myroides, 
635 

Maltotriose production, Myroides, 
635 

Mammals. See also specific 
mammals 

Bacteroides, 395-96 
Borrelia, 238-39, 265-67, 269, 
271-72, 276 
Leptospira, 305 
Pasteur ella, 701 
Manganese requirement 
Bacteroides, 391 
Haliscomenobacter, 604 
Planctomyces, 763 
Planet omycetales, 762-63 
Thermoleophilum, 846-47 
Manganese utilization 
Caulococcus, 996-97 
Kusnezovia, 996-97 
Siderocapsa, 1005 
Siderocapsaceae, 1007 
Mannitol utilization, Alcohol 
utilization 

Mannose utilization, 

Monosaccharide utilization 
Mannosylglyceramide production, 
Rhodothermus, 718-19 
Mannosylglycerate production, 
Rhodothermus, 718-19 
Maribacter, 481, 678 
Maribacter aquivivus, 678, 680 
Maribacter orientalis, 678, 680 
Maribacter sedimenticola, 679-80 
Maribacter ulvicola, 679-80 
Marine clade of flavobacteriaceae, 
677-90 

Marine environment 
Achromatium, 943 
Aequorivita, 460, 678 



Aquifex, 927 
Aquificales, 928 
Arenibacter, 460, 678 
Bdellovibrio, 14-16, 18, 20 
Beggiatoa, 941 
Cellulophaga, 460, 678 
Chlorobiaceae, 359, 362 
Chloroflexaceae, 815-16, 818, 820 
Chloroflexus, 818 
Chryseobacterium, 460, 638, 640, 
643, 645, 663 
Croceibacter, 461, 678 
Cytophaga, 463, 553, 681 
Cytophagale, 553-54, 576 
Elizabethkingia, 638, 640, 643 
Epixenosomes, 891-92 
Flavobacteriaceae, 470, 472, 
677-90 

Elavobacterium, 461, 482, 484-88, 
490, 494-96, 520, 540 
Eormosa, 678 
Eucobacter, 462 
Gallionella, 990 
Gelidibacter, 462, 678 
Gillisia, 678 
Herpetosiphon, 854 
Hydrogenobacter, 927 
Hydrogenothermus, 928 
Maribacter, 678 
Marinithermus, 808 
Marinitoga, 903 
Mesonia, 462, 679 
Muricauda, 462, 679 
myxobacteria, 38 
Novosphingobium, 610-11 
Oceanitherums, 808 
Pelobacter, 5-6 
Pelosigma, 1001 
Planctomyces, 773 
Planctomycetales, 762, 764-65 
Polaribacter, 462, 679 
Propionigenium, 955 
Psychroflexus, 462, 679 
Psychroserpens, 462, 679 
Robiginitalea, 679 
Salegentibacter, 679 
Salinibacter, 712 
Saprospira, 591-99 
Sphingomonas, 610-12, 617, 
619-20 

Spirochaeta, 198-99, 202, 204-5, 
207 

Tenacibaculum, 462, 679, 681 
Thermosipho, 903 
Thermotoga, 915-16 
Thermotogales, 900, 902 
Thermus, 802 
Thiospira, 947-48 
Thiovulum, 949 
Ulvibacter, 463, 679 
Verrucomicrobia, 884 
Vitellibacter, 463, 679 
Vulcanitherums, 808 
Zobellia, 463, 679 
Marinilabilia salmonicolor, 713 
Marinithermus, 797, 807-9 
Marinithermus hydrothermalis, 798, 
808-9 

Marinitoga, 899, 903 



Marinitoga camini, 901-5 
Marinitoga piezophila, 901-5, 915 
Marsh environment 
Gallionella, 990 
Novosphingobium, 612 
Spirochaeta, 195, 198, 208 
Marsupials, Leptospira, 305 
Meiothermus, 797-807, 809 
Meiothermus cerbereus, 798, 801-3, 
807 

Meiothermus chliarophilus, 798, 
801-3, 806-7 

Meiothermus rosaceus, 801 
Meiothermus ruber, 798, 801-3, 805, 
807 

Meiothermus silvanus, 798, 801-3, 
807 

Meiothermus taiwanensis, 798, 

801-3, 805 

Meiothermus timidus, 806 
Melanoid pigment, myxobacteria, 64 
Melezitose utilization, Bacteroides, 
414 

Melibiose utilization 
Opitutus, 891 
Sphingomonads, 615 
Ultramicrobacteria, 891 
Verrucomicrobium, 887 
Melittangium, 36, 39, 43, 53, 71, 
85-86, 89 

Melittangium alboraceum, 89 
Melittangium boletus, 75, 82, 89 
Melittangium gracilipes, 89 
Melittangium lichenicola, 16-11, 84, 
89 

Membrane-filter method. 
Treponema, 221 

Membrane proteins, myxobacteria, 
65-66 

Menaquinone 
Bergeyella, 534 
Chloroflexus, 819, 828, 835 
Chryseobacterium, 651 
Cytophaga, 540 
Cytophagale, 571, 575-76 
Empedobacter, 633 
Flavobacteriaceae, 470, 683 
Elavobacterium, 493, 504, 540, 545, 
575 

Elexibacter, 577 
Herpetosiphon, 867 
Myroides, 633 
myxobacteria, 65 
Oscillochloris, 819, 835 
Planctomycetales, 761 
Rhodothermus, 719 
Riemerella, 695 
Roseiflexus, 819, 835 
Saprospira, 599 
Thermoleophilum, 843, 845-46 
Thermus, 806 
Verrucomicrobium, 886 
Weeksella, 534 
Wolinella, 184-87 
Meningitis 
Bergeyella, 536 
Borrelia, 261, 263, 211 
Campylobacter, 132 
Chryseobacterium, 646, 667 
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Elizabethkingia, 664-68 
Empedobacter, 634 
Elavo bacterium, 541 
Leptospira, 306 
Riemerella, 703 
Sphingomonas, 621 
Weeksella, 541 

Meningoencephalitis, Borrelia, 263 
Meropenem, Bacteroides, 407 
Mesonia, 455, 462, 466, 471, 481 
Mesonia algae, 458, 462, 467-69, 
679-80, 688, 697 
Mesosome, myxobacteria, 60 
Metallogenium, 990, 996-97, 1006, 
1014 

Metallogenium personatum, 1006, 
1013 

Methanobacillus omelianskii, 6 
Methanocaldococcus jannaschii, 926 
Methanococcus, 915 
Methanol production, Opitutus, 891 
Methanopyrus , 915 
Methanopyrus kandleri, 902 
Methanospirillum hungatii, 594 
Methionaquinone, 

Hydrogenothermus, 932 
Methionine utilization 
Bacteroides, 383, 390 
Chloroflexus, 831 
Saprospira, 599 
Methoxyethanol utilization, 
Pelobacter, 6 

2-Methylbutyrate production, 
Spirochaeta, 206, 208 
Methylococcus capsulatus, 63 
Methyl oleate utilization, 
myxobacteria, 59 
Metronidazole 
Bacteroides, 406-7, 410 
Helicobacter, 149-65, 167 
Porphyromonas , 432 
Mice 

Bacteroides, 398, 400 
Borrelia, 238, 241, 245, 257, 260, 
265-67, 275 
Brachyspira, 347 
Pusobacterium, 1017, 1019 
Helicobacter, 140, 142, 153, 
155-57, 159, 165-66, 168-69 
Porphyromonas, 438-39, 441, 443, 
447 

Streptobacillus, 983 
Treponema, 212 
Verrucomicrobia, 884 
Micrococcus, 580 
Micrococcus luteus, 33, 41-42, 966 
Microcoleus chthonoplastes , 822 
Microcyclus, 1000 
Microcyclus aquaticus, 1000 
Microcyclus marinus, 1000 
Microcystis aeruginosa, 593 
Microimmunofluorescence, 
Chlamydia, 752 

Micromonospora purpurea, 865 
Micropredator, myxobacteria, 36, 

59 

Microscilla, 550, 567, 576-77 
Microscopic agglutination test, 
Leptospira, 310-11 



Microspira desulfuricans, 998 
Microspira vacillans, 946. See also 
Macromonas mobilis 
Milk habitat 

Campylobacter, 127 
Chryseobacterium, 645 
Cytophagale, 554, 566 
Mitomycin C, Brachyspira, 344 
Mobilifilum chasei, 971 
Mollusk habitat 

Cristispira, 971-72, 974, 980 
spirochetes, symbiotic, 971 
Monas muelleri, 949. See also 
Thiovulum majus 
Monkey habitat, Helicobacter, 164 
Monosaccharide utilization 
Bacteroides, 383, 386-87, 414 
Bergeyella, 467, 534, 649 
Borrelia, 242-43 
Brachyspira, 330, 339-41, 344 
Capnocytophaga, 467, 710 
Chloroflexus, 830 
Chryseobacterium, 467, 649, 
654-56 

Coenonia, 467 
Cytophaga, 467, 574, 684 
Cytophagale, 563, 574 
Elizabethkingia, 649, 654 
Empedobacter, 467, 633 
Pervidobacterium, 905 
Flavobacteriaceae, 468-69, 682- 
84 

Plavobacterium, 467, 494-95, 509, 
543-44 

Pucobacter, 467 
Pusobacterium, 1020, 1023 
Gemmata, 781 
Geotoga, 905 
Haliscomenobacter, 604 
Helicobacter, 149 
Hymenobacter, 728 
Marinithermus, 808 
Marinitoga, 905 
Meiothermus, 802 
Myroides, 468-69, 633 
Oceanitherums, 808 
Opitutus, 891 
Petrotoga, 905 
Planctomyces, 111 
Porphyromonas, 439 
Propionigenium, 957 
Prosthecobacter, 888 
Rhodothermus, 715 
Riemerella, 468-69, 649, 700 
Roseiflexus, 831 
Salinibacter, 733 
Saprospira, 599 
Sphingomonads, 615-16 
Spirochaeta, 200, 204 
Streptobacillus, 984 
Thermosipho, 905 
Thermotoga, 905 
Thermotogales, 899 
Ultramicrobacteria, 891 
Verrucomicrobium, 887 
Victivallis, 894 
Vulcanitherums , 808 
Weeksella, 469, 534 
Zoogloea, 965 



Moraxella anatipestifer, 695. See also 
Riemerella anatipestifer 
Mosquitoe habitat 
Chryseobacterium, 644 
Plavobacterium, 485 
Motility 

Achromatium, 945-46 
Aequorivita, 467 
Aquifex, 930 
Arenibacter, 467 
Bergeyella, 467 
Borrelia, 245-47 
Brachyspira, 344, 347-48 
Campylobacter, 122 
Capnocytophaga, 467 
Caulococcus, 991 
Cellulophaga, 467 
Chlorobiaceae, 360 
Chryseobacterium, 467, 653, 701 
Clevelandina, 971 
Coenonia, 467, 701 
Cristispira, 971 
Croceibacter, 467 
Cytophaga, 467, 569 
Cytophagale, 549, 555 
Diplocalyx, 971 
Empedobacter, 467, 632 
Flavobacteriaceae, 471-72 
Plavobacterium, 467, 472, 494-99, 
510, 517, 542, 545 
Plexibacter, 568-69 
Pucobacter, 467 
Gelidibacter, 467-68, 472 
Haliscomenobacter, 604 
Helicobacter, 139, 149, 151-65 
Hollandina, 971 
Hydrogenobacter, 930 
Hydrogenobaculum, 930 
Hydrogenothermus, 930 
Hymenobacter, 725 
identification procedure, 493 
Isosphaera, 784, 787 
Macromonas, 946 
Mesonia, 467-68 
Muricauda, 467-68 
Myroides, 467-68, 632 
myxobacteria, 38, 68-70 
Opitutus, 882 

Ornithobacterium, 467-68, 701 
Pasteur ella, 701 
Pelosigma, 1003 
Pillotina, 971 
Pirellula, 119 
Planctomyces, 775 
Polaribacter, 467-68 
Porphyromonas, 428 
Psychroflexus, 467-68 
Psychroserpens, 467-68 
Riemerella, 467-68, 701 
Salegentibacter, 467-68 
Saprospira, 591, 596-97 
Sphingomonads, 615 
Spirochaeta, 195, 200, 205-6 
Tenacibaculum, 467-68, 472 
Thermocrinis, 930 
Thermonema, 723 
Thermotogales, 907 
Thiovulum, 948 
Toxothrix, 986 
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Treponema, 211, 216-18 
Ulvibacter, 467 
Vitellibacter, 467 
Weeksella, 468 
Wolinella, 180-81 
Zobellia, 468 

Mouth fungus. See Columnaris 
disease 

Mucosal surfaces 
Bacteroides, 405 
Bergeyella, 533 
Campylobacter, 122 
Chryseobacterium, 643, 664 
Coenonia, 703 
Elizabethkingia, 643 
Fusobacterium, 1016-18, 1020 
Helicobacter, 139, 141, 143, 
147-60, 162-63, 166, 169 
Sphingomonas, 621 
Weeksella, 533 
Mud environment 
Achromatium, 943-44, 946 
Caulococcus, 996 
Cellulophaga, 460 
Chlorobiaceae, 363 
Chryseobacterium, 460, 640, 643 
Elizabethkingia, 640 
Flavobacteriaceae, 472 
Flavobacterium, 461, 485-87, 490 
Fusobacterium, 1017 
Haliscomenobacter, 602 
Kusnezovia, 996 
Oscillochloris, 818 
Pelosigma, 1001 
Saprospira, 592 
Sphingopyxis, 611-12 
Spirochaeta, 195, 198-99, 207-8 
Thermoleophilum, 843 
Multiple sclerosis. Chlamydia, 753 
Muramic acid, Borrelia, 245 
Muricauda, 455, 462, 466, 471, 481 
Muricauda ruestringensis , 458, 462, 
466-69, 679-83, 697 
Mussel habitat 
Cristispira, 971 
Spirochaeta, 198 
Mutagenesis 

Bacteroides, 381, 392-94, 399-400 
Brachyspira, 342-44 
Flavobacteriaceae, 473 
Flavobacterium, 510 
Planctomycetales, 772 
Propionigenium, 958 
Thermotoga, 916 
Thermus, 806 
Zoogloea, 966 
Mutation 
Bacteroides, 411 
Borrelia, 212-13 
myxobacteria, 57, 69-70 
Myxococcus, 62 
Porphyromonas , 433-34, 437 
Sphingomonads, 617-18 
Treponema, 217 
Mycobacterium chelonae, 865 
Mycoplasma pneumoniae, 752 
Myocarditis 
Borrelia, 263 
Feptospira, 305 



Myroides, 455, 462, 466-70, 473, 484, 
488, 533-35, 630-35, 641, 645, 
652, 655, 664-65, 667, 689 
Myroides odoratimimus, 462, 631, 
633-34 

Myroides odoratus, 458, 462, 483, 
539-42, 545, 630-35, 645, 680, 
697 

Myxalamid, 92 

Myxaline, Myxococcus, 61, 93 
Myxobacteria 

applications, 91-94 
characterization, 59-73 
cultivation methods, 48-57 
Cytophagale, 555-56 
description of, 31-35 
fruiting body, 73-91 
genera key, 85-91 
habitats, 35-40, 48 
isolation procedure, 39-48 
preservation methods, 57-59 
as proteobacteria, 32-34 
taxonomy, 84-85 
Myxocin, myxobacteria, 67-68 
Myxocoagulase, myxobacteria, 

84 

Myxococcus, 31-32, 35, 38, 42-44, 

48, 52, 59, 62-64, 66-67, 71-73, 
77, 79, 81-82, 85-87, 90 
Myxococcus disciformis. See 
Pyxicoccus 

Myxococcus filiformis. See 
Flexibacter filiformis 
Myxococcus flavescens, 93 
Myxococcus fulvus, 36-37, 50, 52, 
56-57, 60-65, 67, 74-75, 83 
Myxococcus stipitatus, 36, 42, 63, 65, 
74-75 

Myxococcus virescens, 31, 36-31, 39, 
54, 56-57, 60-61, 64-65, 67, 83, 
93 

Myxococcus xanthus, 14, 31-33, 
35-36, 38-39, 49-53, 55-57, 
59-62, 64-72, 79-84, 93, 499, 
713, 769 

Myxophage, 67-68 
Myxospores, 38-39, 46, 58-59, 65, 
72-73, 76-77, 80-82 
function of, 82-83 
Myxothiazol, 92 
Myxovirescin, 92-93 



N 

NADH dehydrogenase, Thermus, 
804 

NADH oxidase 
Anaeromyxobacter, 59 
Bacteroides, 387-89 
Brachyspira, 330, 337, 340-43, 345, 
347 

Chlorofiexus, 835 
Flavobacterium, 509 
Saprospira, 599 
Thermoleophilum, 847 
Treponema, 225 
NADH reductase, 

Thermoleophilum, 847 



NADPH oxidase 
Bacteroides, 388-89, 410 
Thermoleophilum, 847 
NAG. See N-acetylglucosamine 
Nalidixic acid resistance/sensitivity 
Bergeyella, 534-35 
Helicobacter, 141, 143, 149-59, 
162-66 

Feptospira, 304 
Porphyromonas, 431 
Thermonema, 724 
Weeksella, 534-35 
Nannocystis, 42-43, 52-53, 56, 60, 
62-63, 69, 71, 80, 85-86, 91 
Nannocystis agregans, 91 
Nannocystis exedens, 33, 36, 39, 41, 
62-63, 76-77, 91, 94 
Nannocystis pusilla, 91 
Naphthalene catabolism, 
Sphingomonads, 619, 621 
Naproxen, Porphyromonas, 432 
Naumanniella, 986, 1006, 1009, 

1011 

Naumanniella catenata, 1006 
Naumanniella elliptica, 1006 
Naumanniella minor, 1006 
Naumanniella neustonica, 1007-9, 
1011 

Naumanniella polymorpha, 1006-7, 
1009, 1011, 1014 
Naumanniella pygmaea, 1006 
Neisseria, 69, 412 
Neisseria gonorrhoeae, 412, 704, 

750 

Neomycin resistance/sensitivity 
Coenonia, 699 
Cytophaga, 561 
Flavobacterium, 490, 492 
Fusobacterium, 1020 
Feptospira, 304 
Ornithobacterium, 705 
Riemerella, 699, 705 
Thermomicrobium, 850 
Nephritis, Feptospira, 294 
Neuraminidase, Bacteroides, 404 
Neuroborreliosis, Borrelia, 239, 261, 
264 

Neurological disorders 
Borrelia, 264 
Chlamydia, 753 

Neurosyphilis, Treponema, 226 
Neutrophils 
Bacteroides, 405-6 
Capno cytophaga, 581 
Porphyromonas, 442-43 
Nifedipine, Porphyromonas, 432 
Nitrate reduction 
Aequorivita, 467, 685 
Arenibacter, 467, 685 
Bergeyella, 467, 534, 535, 649 
Campylobacter, 121, 125-26 
Capnocytophaga, 467 
Cellulophaga, 467, 685 
Chryseobacterium, 467, 534, 649, 
701 

Coenonia, 467, 701 
Croceibacter, 467, 685 
Cytophaga, 467, 685 
Cytophagale, 565 
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Elizabethkingia, 649 
Empedobacter, 467 
Elavobacterium, 467, 494-95, 509, 
543-44 
Eormosa, 685 
Eucobacter, 467 
Gelidibacter, 468, 469, 685 
Gillisia, 685 

Haliscomenobacter, 604 
Helicobacter, 141, 143, 148, 
150-59, 161-65 
Herpetosiphon, 868, 871 
Maribacter, 685 
Mesonia, 468, 469, 685 
Muricauda, 468, 469, 685 
Myroides, 468, 469, 534 
Novosphingobium, 607, 609 
Opitutus, 891 

Ornithobacterium, 468, 469, 701 
Pasteurella, 701 
Pirellula, 780 
Polaribacter, 468, 469, 685 
Psychroflexus, 468, 469, 685 
Psychroserpens, 468, 469, 685 
Riemerella, 468, 469, 649, 701 
Robiginitalea, 685 
Salegentibacter, 468, 469, 685 
Sphingobacterium, 534 
Sphingobium, 607, 609 
Sphingomonas, 609 
Sphingopyrix, 609 
Tenacibaculum, 468, 469, 685 
Thermus, 799, 805 
Ulvibacter, 468, 685 
Verrucomicrobium, 887 
Vitellibacter, 468, 685 
Weeksella, 469, 534, 535 
Wolinella, 178-80, 183 
Zobellia, 469, 685 
Nitrite reductase, Wolinella, 185 
Nitrite reduction 
Bergeyella, 535, 649 
Campylobacter, 121 
Chryseobacterium, 649 
Cytophaga, 574 
Elizabethkingia, 649 
Elavobacterium, 543-44 
Myroides, 633 
Riemerella, 649 
Thermus, 805 
Weeksella, 535 

Wolinella, 178, 180, 184-85, 187 
Nitrogen cycling, Bacteroides, 381, 
398 

Nitrogen fixation 
Chlorobiaceae, 369 
termite gut spirochete, 326-27 
Nitrogen metabolism 
Chloroflexus, 831 
Elavobacterium, 510 
Nitrogen requirement, termite gut 
spirochete, 325 

5-Nitroimidazole, Bacteroides, 
409-10 

Nitrous oxide (N 2 O) reduction, 
Wolinella, 178, 182 
Norfloxacin, Bacteroides, 411 
Nostocoida limicola, 870 
Novosphingobium, 605-22 



Novosphingobium aromaticivorans, 
607, 610, 612, 618-19. also 
Sphingomonas aromaticivorans 
Novosphingobium capsulatum, 607, 
611, 613, 618. See also 
Sphingomonas capsulata 
Novosphingobium rosea, 607, 

611-12. See also Sphingomonas 
rosa 

Novosphingobium stygiae, 607, 611, 
618. See also Sphingomonas 
stygia 

Novosphingobium subarcticum, 607, 
611-12. See also Sphingomonas 
subarctica 

Novosphingobium subterraneum, 
607, 611, 618. See also 
Sphingomonas subterranea 
Nylon oligomers, Elavobacterium, 
579 



o 

Ocean environment. See Marine 
environment 

Oceanitherums, 797, 807-9 
Oceanitherums desulfurans, 798, 
808-9 

Oceanitherums profundus, 798, 

808-9 

Ochrobium tectum, 986, 1001 
Ocular disease 
Borrelia, 261 
Chlamydia, 741, 746-49 
Ocular habitat. Chlamydia, 741, 
746-49 

Oil field environment 
Elavobacterium, 520 
Geotoga, 903 
Petrotoga, 903 
Pseudomonas, 536 
Sphingomonas, 611-12 
Spirochaeta, 198-99, 204 
Thermosipho, 903 
Thermotogales, 900, 902 
Weeksella, 536 
Opitutus, 881, 888-89 
Opitutus terrae, 881, 883, 885, 889-90 
Opossum habitat. Treponema, 212 
Optic neuritis, Borrelia, 261 
Opuntia cactus, myxobacteria, 37 
Oral cavity 
Bacteroides, 381 
Campylobacter, 122 
Capnocytophaga, 460, 554, 561, 
578, 709-10 
Elavobacterium, 516 
Eusobacterium, 1016, 1018-19 
Porphyromonas, 428-30, 439-40, 
442 

Weeksella, 541 
Oral mucosa 
Porphyromonas, 430 
Treponema, 212-13, 215, 219-22, 
226-27 

Organic acid utilization 
Achromatium, 945 
Anaeromyxobacter, 38 



Bacteroides, 388, 391 
Borrelia, 242 
Brachyspira, 339-41 
Capnocytophaga, 710 
Chlorobiaceae, 362, 369, Til 
Chloroflexus, 830 
Pervidobacterium, 905 
Elavobacterium, 509 
Eusobacterium, 1019, 1022 
Gemmata, 781 
Geotoga, 905 
Hymenobacter, 728 
Leptospira, 299 
Marinithermus, 808 
Marinitoga, 905 
Meiothermus, 802 
myxobacteria, 59 
Oceanitherums, 808 
Pelobacter, 6-7, 7, 8-9, 9 
Petrotoga, 905 
Propionigenium, 955, 957 
Saprospira, 599 
termite gut spirochete, 325 
Thermoleophilum, 843, 847 
Thermosipho, 905 
Thermotoga, 905 
Thermus, 805 
Vulcanitherums , 808 
Wolinella, 178-82, 184-85, 184-86 
Zoogloea, 965 
Ornithine 
Borrelia, 245 
Cytophagale, 571 
Plexibacter, 569 
Ornithine decarboxylase, 
Helicobacter, 156 

Ornithobacterium, 455, 462, 466, 473, 
509, 695-706 

Ornithobacterium rhino tracheale, 
458, 462, 466-69, 471, 639, 657, 
680, 695-706 
Oscillatoria, 822-23 
Oscillochloris, 815, 817-18, 820, 822, 
826, 828-29, 870 

Oscillochloris chrysea, 818, 819-20, 
822, 826, 829, 833 
Oscillochloris trichoides, 816-17, 
819-20, 822-23, 826, 828-30, 
832-33, 870 

Osmotic solutes, Rhodothermus, 

718 

Outer membrane 
Borrelia, 244-46 
Chlamydia, 743-45 
Cytophaga, 570 
Cytophagale, 568 
Herpetosiphon, 865 
Hollandina, 979 
Leptospira, 296-97 
Rhodothermus, 714 
Thermotoga, 908 
Treponema, 215-17 
Outer membrane vesicles, 
Bacteroides, 404 
Ovaries, Borrelia, 238 
Ovine habitat 
Bacteroides, 395, 397 
Bergeyella, 533 
Borrelia, 237 
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Campylobacter, 122, 130, 132 
Chryseobacterium, 645 
Fusobacterium, 1017-19 
Helicobacter, 142, 161, 169 
Porphyromonas , 447 
Weeksella, 533 
Owl habitat, Borrelia, 257 
Oxaloacetate sensitivity, 
Chlorobiaceae, 368 
Oxaloacetate utilization 
Bacteroides, 387 
Flavobacterium, 509 
Oxidase activity 
Aequorivita, 467 
Arenibacter, 467 
Bergeyella, 467, 534 
Capnocytophaga, 467 
Cellulophaga, 467 
Chryseobacterium, 467, 534, 651, 
701 

Coenonia, 467, 701 
Croceibacter, 467 
Cytophaga, 467 
Empedobacter, 467, 633 
Flavobacterium, 467 
Fucobacter, 467 
Gelidibacter, 468, 469 
Gemmata, 781 

Helicobacter, 148-59, 162-64 
Herpeto siphon, 868 
Leptospira, 298 
Mesonia, 468, 469 
Muricauda, 468, 469 
Myroides, 468, 469, 534, 633 
Ornithobacterium, 468, 469, 701 
Pasteurella, 701 
Polaribacter, 468, 469 
Psychroflexus, 468, 469 
Psychroserpens, 468, 469 
Riemerella, 468, 469, 701 
Salegentibacter, 468, 469 
Salinibacter, 731 
Sphingo bacterium, 534 
Tenacibaculum, 468, 469 
Ulvibacter, 468 
Vitellibacter, 468 
Weeksella, 469, 534 
Wolinella, 180 
Zobellia, 469 

Oxidoreductase utilization, 
Rhodothermus, 719-20 
Oxygen requirement 
Achromatium, 945-46 
Brachyspira, 330, 339, 345, 347 
Chloroflexus, 819 
Chloronema, 819 
Heliothrix, 819 
Oscillochloris, 819 
Prosthecobacter, 882 
Roseiflexus, 819 
Siderocapsaceae, 1007 
Thio bacterium, 947 
Thiospira, 947 
Thiovulum, 948-49 
Verrucomicrobium, 882 
Oxygen sensitivity/tolerance 
Bacteroides, 390-92 
Brachyspira, 335-36, 339, 345 
Capnocytophaga, 561 



Chloroflexus, 824-25 
Fusobacterium, 1019 
Gallionella, 990-92 
Porphyromonas, 440 
Propionigenium, 957 
termite gut spirochete, 323, 

325-26 

Thiovulum, 952 
Treponema, 219-20 
Ultramicrobacteria, 891 
Oxygen utilization, Aquificales, 925, 
934 

Oxytetracycline resistance/ 
sensitivity 

Chryseobacterium, 664 
Flavobacterium, 515, 518 
Ornithobacterium, 705 
Oyster habitat 
Bdellovibrio, 15-16 
Cristispira, 971, 981 
Cytophagale, 554 
Saprospira, 591-93 

P 

Palmitate utilization, Chlorobiaceae, 
360 

Palmitoleate utilization, 
Chlorobiaceae, 360 
Pantoea ananatis, 482 
Paracoccus denitriflcans, 926 
Parathion, Flavobacterium, 519 
Parrots, Chlamydia, 747 
Pasteurella, 700 

Pasteurella anatipestifer, 695. See 
also Riemerella anatipestifer 
Pasteuria, 761 

Pasteuria ramosa, 780. See also 
Pirellula staleyi 
Pathogenesis 
Bacteroides, 400-406 
Chlamydia, 746 
Flavobacteriaceae, 473 
Flavobacterium, 510-20 
Leptospirosis, 306-7 
Pathogenicity 
Bergeyella, 535 
Borrelia, 260-77 
Campylobacter, 130-33 
Chryseobacterium, 663-68 
Coenonia, 704 
Elizabethkingia, 663-68 
Empedobacter, 633-34 
Flavobacteriaceae, 687 
Myroides, 634-35 
Ornithobacterium, 704 
Riemerella, 704 
Tenacibaculum, 687 
Weeksella, 535 

PCB. Polychlorinated biphenyls 
Peach tree, Sphingomonas, 610 
Pectin degradation 

Bacteroides, 384-86, 398 
Cytophaga, 539, 560-61 
Cytophagale, 574 
Flavobacteriaceae, 470 
Flavobacterium, 493-95, 501, 520 
Herpetosiphon, 869 



Opitutus, 891 
Sporocytophaga, 560-61 
Ultramicrobacteria, 891 
Pedobacter, 484 

Peduncle disease, Flavobacterium, 
511-12 

Pelobacter, 5-10 
Pelobacter acetylenicus , 5-10 
Pelobacter acidigallici, 5-10 
Pelobacter carbinolicus , 5-10 
Pelobacter propionicus, 5-10 
Pelobacter venetianus, 5-10 
Pelochromatium roseo-viride, 371, 
373 

Pelochromatium roseum, 371-74, 
1001 

Pelochromatium roseum consortium, 
998 

Pelochromatium selenoides, 371, 373 
Pelodictyon, 360 

Pelodictyon clathratiforme, 360-61, 
363-64 

Pelodictyon luteolum, 360-63, 999 
Pelodictyon phaeoclathratiforme, 
360-64, 368, 370 
Pelodictyon phaeum, 361-62 
Pelonema tenue, 1001 
Peloploca, 1001 
Pelo sigma, 1001-3 
Pelosigma cohnii, 1001-3 
Pelosigma palustre, 1001-3 
Pelvic inflammatory disease (PID), 
Chlamydia, 746-47, 750-51 
Penguin, Flavobacterium, 488 
Penicillin resistance/sensitivity 
Aequorivita, 467 
Arenibacter, 467 
Bacteroides, 407-8, 410 
Bergeyella, 467, 535 
Borrelia, 277 
Capnocytophaga, 467 
Cellulophaga, 467 
Chlamydia, 745 
Chryseobacterium, 467 
Coenonia, 467 
Croceibacter, 467 
Cytophaga, 467 
Cytophagale, 575 
Empedobacter, 467 
Elavobacterium, 467, 508 
Eucobacter, 467 
Eusobacterium, 1020 
Gelidibacter, 468, 469 
Gemmata, 782 
Hymenobacter, 728 
Leptospira, 291, 307 
Mesonia, 468, 469 
Muricauda, 468, 469 
Myroides, 468, 469, 635 
Ornithobacterium, 468, 469, 705 
Planctomyces, 11 A 
Polaribacter, 468, 469 
Psychroflexus, 468, 469 
Psychroserpens, 468, 469 
Rhodothermus, 721 
Riemerella, 468, 469, 704 
Salegentibacter, 468, 469 
Salinibacter, 733 
Tenacibaculum, 468, 469 
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Thermomicrobium, 850 
Thermonema, 724 
Thermotoga, 908 
Ultramicrobacteria, 891 
Ulvibacter, 468 
Vitellibacter, 468 
Weeksella, 469, 535, 539 
Wolinella, 180-81 
Zobellia, 469 

Pentachlorophenol (PCP) 
Chryseobacterium, 668-69 
Flavo bacterium, 579 
Sphingobium, 610, 612 
Sphingomonads, 612-13, 616 
Pentose phosphate pathway 
Bacteroides, 387 
Chloroflexus, 830 
Leptospira, 298 
myxobacteria, 60 
Oscillochloris, 816 
Sphingomonads, 617 
Peptic ulcers, Helicobacter, 166 
Peptidoglycan 
Borrelia, 245 
Capnocytophaga, 581 
Chlamydia, 745 
Chloroflexus, 832 
Cytophagale, 568-69 
Deinococcus, 806 
Fusobacterium, 1023 
Herpetosiphon, 865-67 
Leptospira, 295-97 
Meiothermus, 806 
myxobacteria, 72, 83 
Oscillochloris, 833 
Pirellula, 761 
Planctomyces, 761 
Planctomycetales, 757, 760-61 
Sporocytophaga, 569 
Thermus, 805-6 
Peptone utilization 
myxobacteria, 59-60 
Thermomicrobium, 850 
Perinatal, Bacteroides, 402 
Periodontal disease 

Capnocytophaga, 460, 554, 561, 
581 

Porphyromonas, 428-33, 435-36, 
441-47 

Treponema, 211, 226 
Periplasmic flagella 
Borrelia, 245-46 
Helicobacter, 140-41, 143, 150, 
153, 156-57, 161, 163 
Leptospira, 295-97 
Spirochaeta, 195, 197, 205-6 
termite gut spirochete, 322 
Treponema, 215-16 
Peritonitis 

Campylobacter, 132 
Sphingomonas, 621 
Weeksella, 536 
Peroxidase activity, 

Thermoleophilum, 846 
Peroxide sensitivity, Campylobacter, 
123 

Persicobacter diffluens, 713 
Pesticide degradation, 
Sphingomonads, 616 



Pesticide sensitivity, Bdellovibrio, 16 
Petrotoga, 899, 903 
Petrotoga miotherma, 901-5 
Petrotoga mobilis, 901-5 
Petrotoga olearia, 901-5, 915 
Petrotoga sibirica, 901-5, 915 
Phages 

Bacteroides, 395, 397 
Bdellovibrio, 14 
Borrelia, 255 
Brachyspira, 342 
Cytophaga, 572 
Cytophagale, 572-73 
myxobacteria, 67-68 
Porphyromonas, 442-43 
Phage typing, Campylobacter, 128 
Phagocytosis 
Bacteroides, 403, 406 
Campylobacter, 132 
Chlamydia, 743 
Porphyromonas, 435, 439 
Phenanthrene degradation 
Flavobacterium, 579 
Sphingomonas, 621 
Phenylacetate production 
Bacteroides, 414 
Porphyromonas, 428 
Phenylalanine deamination 
Bergeyella, 535, 649 
Chryseobacterium, 649, 654-55 
Elizabethkingia, 649, 654-55 
Riemerella, 649 
Weeksella, 535 
Phenylalanine synthesis, 

Bacteroides, 390 
Phenylalanine utilization 
Leptospira, 298 
Saprospira, 599 
Phloroglucinolcarboxylate 
utilization, Pelobacter, 1 
Phloroglucinol utilization, 
Pelobacter, 1 

Phormidium geysericola, 871 
Phormidium luridum, 83 
Phosphatase production 
Chryseobacterium, 651 
Empedobacter, 633 
Herpetosiphon, 869 
Myroides, 633 
Verrucomicrobium, 887 
Phosphate production 
Bergeyella, 534 
Weeksella, 534 
Phosphate requirement 
Bacteroides, 383 
Leptospira, 299 

Phosphatidylcholine, Salinibacter, 
731 

Phosphatidylethanolamine (PE) 
Cytophagale, 571 
Hymenobacter, 725 
myxobacteria, 69-70 
Salinibacter, 731 
Phosphatidylglycerol 
Cytophagale, 571 
Salinibacter, 731 
Verrucomicrobium, 886 
Phosphatidylinositol, Cytophagale, 
571 



Phosphatidylserine, Cytophagale, 
571 

Phosphogluconate, Leptospira, 298 
Phospholipid requirement, 
Brachyspira, 340 
Phospholipids 
Isosphaera, 784 
Marinithermus , 809 
myxobacteria, 63, 65 
Oceanitherums, 809 
Pirellula, 761-62 
Planctomyces, 761-62 
Planctomycetales, 761-62 
Rhodothermus, 720 
Salinibacter, 731 
Thermonema, 723 
Thermus, 806 
Verrucomicrobium, 886 
Vulcanitherums, 809 
Phosphomycin resistance 
Borrelia, 241 
Treponema, 221-22 
Phosphotransferase system, 
Borrelia, 243 

Photolithotrophs, Chlorobiaceae, 
359, 370 
Photooxidation 

Chlorobiaceae, 367, 371 
myxobacteria, 64 
pH tolerance 
Aquifex, 929 
Aquiflcales, 928, 934 
Bacteroides, 395-96, 398, 406 
Borrelia, 271 
Brachyarcus, 998 
Brachyspira, 339 
Chlorobiaceae, 634 
Chloroflexus, 820 
Cytophagale, 553, 563-64 
Fervidobacterium, 904 
Fusobacterium, 1023 
Gallionella, 990, 992 
Geotoga, 904 
Haliscomenobacter, 604 
Helicobacter, 167 
Heliothrix, 822 
Herpetosiphon, 869 
Hydrogenobacter, 929 
Hydrogenobaculum, 929 
Hydrogenothermus, 929 
Leptospira, 297 
Marinitoga, 904 
Meiothermus, 803 
Opitutus, 891 
Oscillochloris, 828-29 
Pelosigma, 1002 
Petrotoga, 904 
Planctomycetales, 762 
Porphyromonas, 440 
Roseiflexus, 822, 829 
Salinibacter, 733-34 
Saprospira, 596 
Sphingomonads, 616 
Thermocrinis, 929 
Thermoleophilum, 844 
Thermomicrobium, 850 
Thermosipho, 904 
Thermotoga, 904 
Thermus, 801 
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Toxothrix, 986-88 
Ultramicrobacteria, 891 
Victivallis, 894 
Zoogloea, 962, 965 
Phylogenetic tree 
Aquificales, 926 
Bacteroides, 382 
Bdellovibrio, 14 
Campylobacter, 120 
Chlorobiaceae, 363 
Chloroflexaceae, 816-17 
Chryseobacterium, 639 
Coenonia, 691 
Elizabethkingia, 639 
Flavobacteriaceae, 457-58 
Helicobacter, 146 
Hymenobacter, 713-14 
Ornithobacterium, 691 
Planet omycetales, 759 
Porphyromonas, 429 
Rhodothermus, 713-14 
Riemerella, 691 
Salinibacter, 713-14 
Spirochaeta, 197 
Thermo leophilum, 843-44 
Thermonema, 713-14 
Thermotogales, 900, 902 
Verrucomicrobia, 881, 883 
Wolinella, 179 
Pig. See Swine 
Pigeon habitat 
Coenonia, 703 
Ornithobacterium, 703 
Riemerella, 462, 695, 701, 703 
Pigments 

Achromatium, 945 
Aequorivita, 467, 682 
Aquifex, 928 
Arenibacter, 467, 682 
Bergeyella, 467, 471, 534, 648 
Brevibacterium, 555 
Capnocytophaga, 467, 561, 710 
Cellulophaga, 467, 682 
Chlorobiaceae, 359-62, 364, 
366-67, 370-71 
Chloroflexaceae, 815-16, 818 
Chloroflexus, 815, 824, 833 
Chloronema, 828-29 
Chryseobacterium, 467, 471, 534, 
647, 648, 652, 654, 701 
Coenonia, 467, 471, 701 
Croceibacter, 467, 682 
Cytophaga, 467, 555, 559, 561, 
571-72, 682 

Cytophagale, 549-50, 555, 561, 
571-72, 575 

Elizabethkingia, 647, 648, 652-54 
Empedobacter, 467, 632 
Flavobacteriaceae, 466, 471, 
681-82 

Elavobacterium, 467, 471, 490-91, 
493, 497-98, 500-501, 539, 
541-42, 545 
Elexibacter, 555, 571 
Elexithrix, 571 
Eormosa, 682 
Eucobacter, 467 
Gelidibacter, 467-68, 682 
Gemmata, 781 



Gillisia, 682 

Haliscomenobacter, 604 
Heliothrix, 822, 829 
Herpetosiphon, 863, 868 
Hydrogenobacter, 928 
Hymenobacter, 712, 724-25 
Isosphaera, 786, 788 
Lysobacter, 555 
Macromonas, 946 
Maribacter, 682 
Marinithermus, 807, 808 
Meiothermus, 801-2, 806 
Mesonia, 467-68, 682 
Muricauda, 467-68, 682 
Myroides, 467-68, 534, 632 
myxobacteria, 63-65 
Novosphingobium, 609 
Oceanitherums, 807, 808 
Opitutus, 882 

Ornithobacterium, 467-68, 471, 
701 

Oscillochloris, 828-29 
Pasteurella, 701 
Pelosigma, 1003 
Pirellula, 780 
Planctomyces, 775, 111 
Polaribacter, 467-68, 682 
Porphyromonas, 428, 431, 437 
Prosthecobacter, 882 
Psychroflexus, 467-68, 682 
Psychroserpens, 467-68, 682 
Rhodothermus, 712, 720-21 
Riemerella, 467-68, 471, 648, 700, 
701 

Robiginitalea, 682 
Roseiflexus, 817, 822, 827, 829 
Salegentibacter, 467-68, 682 
Salinibacter, 712, 729, 731, 734 
Saprospira, 599 
Sphingobacterium, 534 
Sphingobium, 609 
Sphingomonads, 613, 615 
Sphingomonas , 609 
Sphingopyrix, 609 
Spirochaeta, 202-5 
Sporocytophaga, 555 
Tenacibaculum, 467-68, 682 
Thermocrinis, 927-30 
Thermoleophilum, 845 
Thermomicrobium, 849-51 
Thermonema, 712, 723 
Thermus, 798-99, 805-6 
Thiovulum, 949 
Ulvibacter, 467, 682 
Verrucomicrobium, 882, 886 
Victivallis, 882 
Vitellibacter, 467, 682 
Vulcanitherums, 807, 808 
Weeksella, 468, 471, 534, 539 
Zobellia, 468, 682 
Zoogloea, 963 
Pillotina, 213, 971-81 
Pillotina calotermitidis , 971, 978 
Pillotinaceae, 971 
Pinta, 211-12, 225 
Piperacillin resistance/sensitivity 
Bacteroides, 407 
Chryseobacterium, 668 
Elizabethkingia, 661 



Pirellula, 760-72, 775, 778-81, 784 
Pirellula marina, 758-59, 761, 
763-64, 767, 769-72, 779-80 
Pirellula staleyi, 759, 161, 770, 776, 
780-81 

Planctomyces, 760-78, 784 
Planctomyces bekefii, 758, 760, 

762- 63, 772-73, 775-78 
Planctomyces brasiliensis, 759, 

763- 64, 774-77 

Planctomyces condensatus, 163 
Planctomyces crassus, 760 
Planctomyces gracilis, 760 
Planctomyces guttaeformis, 760, 763, 
773, 776-78 

Planctomyces limnophilus, 759, 
762-64, 766, 771-72, 774-77 
Planctomyces maris, 759, 761, 764, 
767, 769, 775-77 

Planctomyces staleyi, 713, 780. See 
also Pirellula staleyi 
Planctomyces stranskae, 760, 763, 
773, 776-78 

Planctomycetales, 757-88, 881, 900 
Plant habitat. also specific plants 
Bdellovibrio, 14-16 
Chryseobacterium, 643 
Cytophaga, 560 
Cytophagale, 553 
Elavobacterium, 487, 510, 540 
Myroides, 631 
Novosphingobium, 611 
Sphingomonads, 613, 616, 621 
Sphingomonas, 610 
Sporocytophaga, 560 
Plasmids 

Bacteroides, 392-95, 411 
Borrelia, 249-54 
Brachyspira, 342 
Elavobacterium, 510 
Herpetosiphon, 873 
Leptospira, 302 
Planctomycetales, 771 
Rhodothermus, 722 
Sphingomonads, 618 
Thermotoga, 915 
Plasmin, Borrelia, 276-77 
Plasminogen 
Borrelia, 276-77 
Chryseobacterium, 669 
Plasminogen activation system, 
Borrelia, 276-77 

Plating technique, myxobacteria, 

45 

Plesiocystis, 85 
Pneumonia 
Bergeyella, 536 
Chlamydia, 741, 746-49, 752 
Chryseobacterium, 661 
Elizabethkingia, 666 
Ornithobacterium, 695-96, 704 
Riemerella, 703 
Pneumonitis 
Chlamydia, 747 
Cytophagale, 554 
Elavobacterium, 510-11 
Podangium. See Melittangium 
Podangium erectum. See Stigmatella 
erecta 



1064 Index 



Polaribacter, 455, 462, 466-69, 471, 
481, 679, 681-83, 689 
Polaribacter butkevichii, 458 
Polaribacter filamentus, 458, 462, 
679-80, 697 

Polaribacter franzmannii, 458, 462, 
679-80 

Polaribacter glomeratus, 458, 462, 
679-80 

Polaribacter irgensii, 458, 462, 466, 
679-80 

Polyangium, 33, 36, 39, 41-43, 51-52, 
56, 63, 71, 73, 76-77, 81-82, 
85-86, 88-90 
Polyangium aureum, 90 
Polyangium fumosum, 63, 90, 99 
Polyangium luteum, 90 
Polyangium minus, 89 
Polyangium parasiticum, 90 
Polyangium spumosum, 90, 99 
Polyangium vitellinum, 34, 73, 81, 90 
Poly-p-hydroxybutyrate (PHB), 
Zoogloea, 965-67 
Polychlorinated biphenyls (PCB) 
Sphingomonads, 612-13, 616 
Sphingomonas, 605-6 
Polychlorophenol metabolism, 
Novosphingobium, 620 
Polyethylene glycol utilization 
Pelobacter, 5-7, 9-10 
Planctomycetales, 765 
Polymyxin B resistance/sensitivity 
Chryseobacterium, 664, 667 
Cytophaga, 561 
Elizabethkingia, 667 
Helicobacter, 156 
Hymenobacter, 728 
Leptospira, 304 
Riemerella, 705 
Sphingomonads, 618 
Polymyxin resistance 
Cytophagale, 575 
Flavobacterium, 490, 492 
Ornithobacterium, 700 
Treponema, 221-22 
Polyphosphate granule 
Helicobacter, 139 
myxobacteria, 60 
Polyprenol, Cytophagale, 571 
Polysaccharide metabolism 
Bacteroides, 381-86, 398 
Cytophagale, 574 
Flavobacteriaceae, 684 
Flavobacterium, 501-2, 510 
Rhodothermus, 715, 718 
Sphingomonads, 615-17 
Polysaccharide production 
myxobacteria, 60, 70 
Porphyromonas, 438-39 
Sphingomonads, 621 
Zoogloea, 960-63, 966 
Polysaccharide utilization 
Fervido bacterium, 905 
Geotoga, 905 
Marinitoga, 905 
Petrotoga, 905 
Streptobacillus, 984 
Thermosipho, 905 
Thermotoga, 905 



Polysomes, Chondromyces, 60 
Polysulfide reduction, Wolinella, 178, 
182, 184-88, 185-86 
Porphyrin production, 
Porphyromonas, 428 
Porphyrin utilization, Cytophaga, 

539 

Porphyrobacter, 606 
Porphyromonas, 393, 412, 428-48, 
459 

Porphyromonas asaccharolytica, 429 
Porphyromonas cangingivalis, 429 
Porphyromonas canoris, 429 
Porphyromonas cansulci, 429 
Porphyromonas catoniae, 382, 429 
Porphyromonas circumdentaria, 429 
Porphyromonas crevioricanis , 429 
Porphyromonas endodontalis, 429 
Porphyromonas gingivalis, 382, 389, 
411, 428-43, 473 

Porphyromonas gingivicanis , 429 
Porphyromonas gulae, 429 
Porphyromonas levii, 429, 431 
Porphyromonas macacae, 428-29, 
431 

Porphyromonas salivosa, 429 
Potassium requirement, Bacteroides, 
383 

Poultry. See Fowl 
Pox virus, Borrelia, 251 
Prawn habitat 
Pirellula, 763, 780 
Planctomyces, 763 
Prevotella, 393, 411-12, 429, 459 
Prevotella intermedia, 411, 428, 432, 
473 

Prevotella melaninogenica, 382, 
390-91 

Prevotella ruminicola, 382, 389, 410 
Prevotella tannerae, 382 
Primates. See also specific primates 
Brachyspira, 331 
Fusobacterium, 1017 
Helicobacter, 160 
Porphyromonas, 428-29, 447 
Treponema, 217 

Promyxobacterium fiavum, 482, 
486-87, 489, 492 

1.2- Propanediol utilization, 

Pelobacter, 1 

1.3- Propanediol production, 

Pelobacter, 9 

Propanol production, Pelobacter, 

8-9 

Propanol utilization, Pelobacter, 1 
Propionate production 
Bacteroides, 387, 414 
Chlorobiaceae, 372 
Fusobacterium, 1019, 1022 
Opitutus, 891 
Pelobacter, 8-10 
Porphyromonas, 428 
Propionigenium, 955-57 
Ultramicrobacteria, 891 
Propionate utilization. See Organic 
acid utilization 
Propionibacterium, 398 
Propionigenium, 955-58 
Propionigenium maris, 955-58 



Propionigenium modestum, 955-58 
Prosthecae 

Prosthecobacter, 882, 885, 

887-88 

Verrucomicrobium, 882, 885-86, 
888 

Prosthecobacter, 881, 887-88 
Prosthecobacter debontii, 883, 888 
Prosthecobacter dejongeii, 882-83, 
888 

Prosthecobacter FC-2, 881 
Prosthecobacter fusiformis, 881, 883, 
888 

Prosthecobacter vanneervenii, 883, 
888 

Prosthecochloris, 360, 363, 885 
Prosthecochloris aestuarii, 360-63, 
367-68 

Prosthecochloris phaeo aster oidea, 
361 

Prosthecomicrobium, 885-86 
Prosthetic infections, 

Campylobacter, 132 
Protease activity 
Bacteroides, 398-99, 405 
Chryseobacterium, 669 
Cytophaga, 573 
Flavobacterium, 513 
Protease sensitivity 
Bacteroides, 386, 389 
Borrelia, 244-45 
Protein hydrolysates, 
Porphyromonas, 429 
Protein hydrolysis, 

Flavobacteriaceae, 684 
Proteobacteria 
alpha subclass, 605 
delta subclass, 5-99 
epsilon subclass, 119-88 
Proteus, 405, 1021 
Protoheme production, 
Porphyromonas, 428 
Protoporphyrin utilization, 
Bacteroides, 384 
Protozoa, termite gut, 318-19 
Pseudanabaena, 785 
Pseudoalteromonas piscicida, 519 
Pseudocytophaga algae, 458 
Pseudogenes, Borrelia, 254-55 
Pseudomonadaceae, 960 
Pseudomonas, 17, 520, 605-6, 621, 
669, 965 

Pseudomonas aeruginosa, 205, 

699 

Pseudomonas azotocoligens, 606. 

See also Sphingomonas trueperi 
Pseudomonas bipunctata, 946. See 
also Macromonas bipunctata 
Pseudomonas cepacia, 620 
Pseudomonas denitrificans, 965 
Pseudomonas echinoides, 606. See 
also Sphingomonas echinoides 
Pseudomonas fiuorescens, 26 
Pseudomonas glycinea, 26 
Pseudomonas paucimobilis, 620-21. 
See also Sphingomonas 
paucimobilis 

Pseudomonas piscicida, 519. See also 
Pseudoalteromonas piscicida 
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Pseudomonas saccharophila, 606. 
See also Sphingomonas 
subarctica 

Pseudomonas testosteroni, 14 
Psychroflexus, 455, 462, 466-69, 471, 
481, 484, 679 

Psychroflexus gondwanensis, 458, 
462, 679-80, 683 
Psychroflexus torquis, 458, 462, 
679-83, 685, 687, 690, 697 
Psychroflexus tropicus, 458, 679-80, 
683 

Psychrophile, myxobacteria, 37 
Psychroserpens, 455, 462, 466, 471, 
481, 690 

Psychroserpens burtonensis, 458, 
462, 466-69, 679-80, 682-83, 

697 

P syringae, 17 
Pullularia pullulans, 83 
Pulmonary environment. 
Chlamydia, 752 
Purine, Leptospira, 298 
Puromycin, Bacteroides, 411 
Purple sulfur bacteria, 815-16, 823, 
833-34, 900, 999 

Pyrazin amidase, Campylobacter, 
125-26 

Pyrimidine, Leptospira, 298 
Pyrogallol utilization, Pelobacter, 1 
Pyruvate pathway 
Bacteroides, 387 
Leptospira, 298 

Pyruvate production, Chloroflexus, 
831 

Pyruvate utilization. See Organic 
acid utilization 
Pyxicoccus, 85-88 
Pyxicoccus fallax, 77, 94 



Q 

Quinolone resistance/sensitivity 
Bacteroides, 407, 409, 411 
Capnocytophaga, 581 
Chryseobacterium, 667 
Elizabethkingia, 667 
Flavobacterium, 508 
Myroides, 633 

Quinone 

Flavobacteriaceae, 466 
myxobacteria, 65 

R 

Rabbit habitat 
Borrelia, 239, 272 
Fusobacterium, 1017 
Leptospira, 302 
Treponema, 211, 218-19 

Radiation therapy. See 
Chemotherapy 

Radioimmunoassay, Leptospira, 
310 

Random amplified polymorphic 
DNA (RAPD), 
Flavobacterium, 506, 517 



Rat bite fever, Streptobacillus, 983 
Rat habitat 
Bacteroides, 402-4 
Borrelia, 238, 257, 272 
Brachyspira, 331 
Capnocytophaga, 578 
Fusobacterium, 1017 
Helicobacter, 140, 153, 156 
Leptospira, 305 
Porphyromonas, 438, 447 
Streptobacillus, 983 
Treponema, 212 
16S rDNA sequence 
Aquifex, 925 
Bacteroides, 415 
Borrelia, 265 

Brachyspira, 330, 332-33, 336 
Flavobacteriaceae, 456 
Flavobacterium, 505-6 
Helicobacter, 145-46, 162, 
164-65 

Hydrogenobacter, 927 
Hydro genobaculum, 927 
Hydro genothermus, 927 
Meiothermus, 801, 807 
Opitutus, 888-89 
Planet omycetales, 757 
Prosthecobacter, 887-88 
termite gut spirochete, 320, 326 
Thermocrinis, 927 
Thermus, 797, 801, 807 
Treponema, 226 
Verrucomicrobia, 881, 883-84 
Verrucomicrobium, 885 
Wolinella, 178, 181 
Xiphinematobacter, 892-93 
23S rDNA sequence, Borrelia, 265 
Rectal cultures, Helicobacter, 153, 
162 

Relapsing fever. See also Louse- 
borne relapsing fever; Tick- 
borne relapsing fever 
Borrelia, 256-57, 273, 275, 277 
Myroides, 634 
Renal. See Kidney 
Renobacter vacuolatum, 999 
Respiratory tract 
Bacteroides, 402 
Bergeyella, 536 
Chlamydia, 747-49, 752 
Coenonia, 695, 699, 703 
Empedobacter, 461, 631 
Flavobacterium, 488, 510-11 
Fusobacterium, 1016, 1018 
Ornithobacterium, 462, 695-96, 
702 

Riemerella, 695-96, 703 
Sphingomonas, 621 
Rhamnose utilization. See 

Monosaccharide utilization 
Rheas, Brachyspira, 331, 347 
Rhesus habitat 
Brachyspira, 334 
Helicobacter, 148, 153 
Rheumatological disease. 
Chlamydia, 751 
Rhinitis, Fusobacterium, 1019 
Rhizobium, 20 
Rhizobium radiobacter, 713 



Rhizoctonia, 83 
Rhizomonas, 606 
Rhizomonas suberifaciens, 606-7, 
621. See also Sphingomonas 
suberifaciens 
Rhodococcus, 9 

Rhodococcus rhodochrous, 874 
Rhodocyclus, 999 
Rhodopseudomonas palutris, 804 
Rhodopseudomonas sphaeroides, 
846-47 

Rhodospirilum rubrum, 21, 713 
Rhodothermus, 712-22, 729-30 
Rhodothermus marinus, 712-18, 
721-22, 731 

Rhodothermus obamensis, 712-14, 
716, 721 

Ribose utilization. See 

Monosaccharide utilization 
Ribosomal DNA, Treponema, 222 
Ribosomal RNA 
Anaeromyxobacter, 38 
Bacteroides, 392 
Bdellovibrio, 14 
Borrelia, 235 
Campylobacter, 128 
Flavobacterium, 505 
Helicobacter, 145-46 
Isosphaera, 772 
myxobacteria, 32-34 
Pelobacter, 5 

Planctomycetales, 757, 765, 772 
Porphyromonas, 428 
Riemerella, 455, 462, 466-71, 473, 
509, 639, 655, 695-706 
Riemerella anatipestifer, 458, 462, 
466, 639, 641, 647-51, 657, 680, 
695-706 

Riemerella columbina, 458, 462, 639, 
647-51, 695-706 

Rifampicin resistance/sensitivity 
Borrelia, 241 
Chryseobacterium, 667 
Elizabethkingia, 667-68 
Fusobacterium, 1020 
Hydrogenobacter, 930 
Leptospira, 304 
Salinibacter, 733 
Spirochaeta, 199-201 
TLermotogales, 908 
Treponema, 220-22 
Rifamycin-fosfomycin solution, 
termite gut spirochete, 324 
Rifamycin resistance/sensitivity 
Bacteroides, 413 
termite gut spirochete, 323 
River environment. See Freshwater 
environment 
Robiginitalea, 481 

Robiginitalea biformata, 679-80, 688 
Rocky Mountain spotted fever, 
Borrelia, 263 

Rodents. See also specific rodents 
Bacteroides, 397 
Borrelia, 237-39, 257, 262 
Leptospira, 305, 307 
Porphyromonas, 447 
Roseiflexus, 818, 820, 822-23, 
827-29, 834, 867, 870 
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Roseiflexus castenholzii, 815, 817, 
819-20, 822-23, 827, 829-33, 

835, 870 

Rose plant, Novosphingobium, 
611-12 
Rosettes 

Cristispira, 976, 978 
Gemmata, 781 
Pirellula, 760, 779 
Planctomyces, 758, 760, 763, 773, 
775-77 

Planctomycetales, 757, 760, 762-63 
spirochetes, symbiotic, 976 
5S rRNA sequence 
Gemmata, 781, 783 
Herpetosiphon, 870 
Isosphaera, 784 
Leptospira, 301 
Pirellula, 780 
Planctomycetales, 757 
Thermomicrobium, 849 
Verrucomicrobium, 885 
14S rRNA sequence, Leptospira, 

301 

16S rRNA sequence 
Aquificales, 925-26, 930 
Bacteroides, 381-82, 396, 413, 415 
Borrelia, 242 

Brachyspira, 332, 337, 342 
Capnocytophaga, 578, 696, 709 
Chlamydia, 742 

Chlorobiaceae, 359-60, 364-65, 
372 

Chloroflexaceae, 815, 817, 820 
Chloroflexus, 818, 820, 828, 870 
Chloronema, 816 
Chryseobacterium, 638-39, 

642-44, 646, 660-61, 663-64 
Coenonia, 696 
Croceibacter, 688 
Cytophaga, 572, 578, 680-81 
Cytophagale, 549, 554, 575-76, 

578 

Elizabethkingia, 638-39, 643, 
660-61, 663-64 
Epixenosomes, 892 
Flavobacteriaceae, 456-59, 465, 
473, 677, 680, 688-89 
Flavobacterium, 481-82, 484, 
487-88, 490, 501, 505-6, 508, 

510, 520 

Flexibacter, 577-78, 681 
Gemmata, 161, 781, 784 
Helicobacter, 146, 148, 150-61, 
163-64 

Heliothrix, 817, 820, 829 
Herpetosiphon, 855, 863, 870-72 
Hymenobacter, 725 
Isosphaera, 764, 161, 784, 788 
Leptospira, 301, 303 
Meiothermus, 801 
Novosphingobium, 609 
Ornithobacterium, 696, 702 
Oscillochloris, 817 
Pirellula, 763, 161, 780 
Planctomyces, 763-65, 161, 776-78 
Planctomycetales, 757-61, 763, 
766-68, 772, 899 
Porphyromonas , 428 



Propionigenium, 957 
Rhodothermus, 712-13, 722, 730 
Riemerella, 695-96 
Robiginitalea, 688 
Roseiflexus, 822, 829, 870 
Salinibacter, 714, 728-32, 734 
Saprospira, 591 
Sphingobium, 609 
Sphingomonads, 615 
Sphingomonas, 606, 609 
Sphingopyrix, 609 
Spirochaeta, 195, 199 
spirochetes, symbiotic, 980-81 
Sporocytophaga, 572 
Taxeobacter, 578 
Tenacibaculum, 681 
termite gut spirochete, 319-20, 
322 

Thermocrinis, 927-28 
Thermoleophilum, 843 
Thermonema, 723 
Thermotoga, 899-900 
Thermotogales, 899, 902 
Thermus, 801 
Treponema, 211, 213-15 
Victivallis, 893 

17S rRNA sequence, Leptospira, 
301 

23S rRNA sequence 
Bacteroides, 408, 413, 415 
Borrelia, 242 

Brachyspira, 332, 337, 342, 349 
Helicobacter, 145-46 
Leptospira, 301, 303 
Planctomycetales, 757, 772 
Thermotoga, 899 

Rubredoxin, Spirochaeta, 207 

Rumen 

Bacteroides, 382 
Treponema, 212-13, 215 
Wolinella, 178 



s 

Saccharolytic activity 
Bergeyella, 534 
Chryseobacterium, 534 
Myroides, 534 
Sphingobacterium, 534 
Weeksella, 534 

Saccharomyces cerevisiae, 42, 83 
Saccharose utilization 
Cytophagale, 563 
Riemerella, 700 

Salegentibacter, 455, 462, 466, 471, 
481, 484 

Salegentibacter salegens, 458, 462, 
466-69, 679-80, 682, 697 
Salicin utilization 
Bergeyella, 649 
Brachyspira, 414 
Chryseobacterium, 649, 654, 656 
Elizabethkingia, 649, 654 
Riemerella, 649 
Verrucomicrobium, 887 
Saline environment. Marine 

environment 
Achromatium, 944, 946 



Chloroflexaceae, 815-16, 818, 820, 
823 

Chloroflexus, 818 
Chloronema, 818 
Oscillochloris, 818 
Pirellula, 778 
Planctomyces, 773, 111 
Planctomycetales, 762 
Thermus, 797-98, 799, 802 
Salinibacter, 728-34 
Salinibacter ruber, 682, 721, 729-34 
Saliva, Porphyromonas, 430 
Salmon 

Chryseobacterium, 644 
Flavobacterium, 485-86, 488, 491, 
512, 520 

Tenacibaculum, 687 
Salmonella, 252, 265 
Salmonella enterica, 131 
Salmonella enteritidis, 703 
Salmonella typhimurium, 404, 438, 
111 

Salmonid. See also Salmon; Trout 
Cytophagale, 554 
Flavobacterium, 487-88, 491, 502, 
511-14, 516, 518 

Salt requirement. See also speciflc 
salts 

Chlorobiaceae, 360-61, 364 
Flavobacteriaceae, All-11 
Marinithermus, 801 
Oceanitherums, 807 
Rhodothermus, 111, 714-15, 718 
Salinibacter, 728-29, 731-32, 734 
Vulcanitherums, 807 
Salt sensitivity 
Thermotoga, 914 
Thermotogales, 914 
Saprophyte, Leptospira, 294-95, 302 
Saprospira, 549, 569, 591-600 
Saprospira albida, 591-99 
Saprospira flammula, 593, 595, 597 
Saprospira flexuosa, 591, 593, 597 
Saprospira gigantea, 593 
Saprospira grandis, 591-600 
Saprospira lepta, 591, 593 
Saprospira nana, 591, 593 
Saprospira puncta, 591, 593 
Saprospira spiroidea, 593, 597 
Saprospira thermalis, 592-93, 
595-600 

Saprospira toviformis, 593, 595, 600 
Sardines 

Chryseobacterium, 644 
Flavobacterium, 488 
Tenacibaculum, 687 
Scalindua, 111 
Scours. See Dysentery 
SDS-polyacrylamide gel, Wolinella, 
180-81 

Sea environment. See Marine 
environment 
Sebaldella, 957 
Sebaldella termitidis, 951 
Sediment environment. See also 
Estuarine environment; 
Freshwater environment; 
Marine environment 
Arenibacter, 678 
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Bdellovibrio, 14-16 
Cellulophaga, 460, 678 
Chlorobiaceae, 359, 362-63 
Chloroflexaceae, 820 
Chloroflexus, 825 
Chryseobacterium, 643 
Cytophagale, 553 
Flavobacteriaceae, 689 
Flavobacterium, 461, 485, 487-88, 
540 

Muricauda, 462, 679 
Novosphingobium, 610-12, 620 
Pelobacter, 5-6, 10 
Propionigenium, 955 
Sphingomonads, 613 
Spirochaeta, 195, 198, 201, 207 
Thermosipho, 903 
Verrucomicrobia, 881 
Zobellia, 679 
Sejongia, 639-40, 643, 647 
Sejongia antarctica, 657 
Sejongia jeonii, 657 
Selenite reduction 
Bergeyella, 535 
Weeksella, 535 
Sepsis, Bacteroides, 415 
Septicemia 
Bergeyella, 536 
Fusobacterium, 1018 
Serine utilization 
Brachyspira, 344 
Meiothermus, 802 
Serology 
Bdellovibrio, 14 
Flavobacterium, 507 
Leptospira, 302-3, 310-11 
Serovar 

Brachyspira, 346 
Chlamydia, 747 

Leptospira, 294-95, 302-3, 305-6, 
308, 310-11 
Riemerella, 701, 705 
Serpens flexibilis, 203 
Serpulina. See Brachyspira 
Sewage environment 
Herpetosiphon, 854, 858-59, 862, 
868, 872-73 
Planet omycetales, 762 
Prosthecobacter, 882, 887 
Sphingomonas, 610 
Verrucomicrobia, 884 
Zoogloea, 960, 963, 967-68 
Sewage sludge 
Bacteroides, 397 
Bdellovibrio, 14-16 
Chryseobacterium, 640 
Elizabethkingia, 640 
Flavobacteriaceae, 474 
Flavobacterium, 496-97 
Pelobacter, 5-6, 10 
Saprospira, 592 
Wolinella, 178 
Sheath 

Fervidobacterium, 906 
Herpetosiphon, 864-67 
Thermosipho, 906 
Thermotogales, 906 
Sheep. Ovine 
Shellfish 



Campylobacter, 122 
Cytophagale, 553 
Shigella, 745 
Shigella flexneri, 26, 252 
Shrew, Helicobacter, 142 
Shrimp, Treponema, 212 
Siderobacter, 1006 
Siderobacter brevis, 1006 
Siderobacter gracilis, 1006 
Siderobacter latus, 1006 
Siderocapsa, 986, 1005-14 
Siderocapsa anulata, 1006-7, 1009, 
1011 

Siderocapsa arlbergensis, 1006, 1011 
Siderocapsa botryoides, 1006 
Siderocapsaceae, 1005-14 
Siderocapsa coronata, 1006, 1011 
Siderocapsa eusphaera, 1006-7, 

1009, 1011 

Siderocapsa geminata, 1006-7, 1009, 
1011, 1013-14 
Siderocapsa major, 1006-7 
Siderocapsa monoica, 1006-7 
Siderocapsa treubii, 1006-9, 1011-12 
Siderococcus, 996, 1006, 1009, 1011 
Siderococcus communis, 1009 
Siderococcus limoniticus, 1006-7, 

1009. 1011. 1014 
Siderocystis, 1006, 1009, 1011 
Siderocystis confervarum, 1006-9, 

1011. 1014 

Siderocystis vulgaris, 1005-7, 1009, 
1011-12 

Silver staining methods 
Borrelia, 263 
Leptospira, 294, 310 
Treponema, 219 
Single-strand conformation 
polymorphism (SSCP), 

Borrelia, 264 
Sinuse habitat 
Bacteroides, 402 
Chlamydia, 752 
Skin disease. Treponema, 212 
Skin habitat 
Bacteroides, 402 
Borrelia, 236, 240-42, 263 
Chryseobacterium, 643-45, 663-64 
Cytophagale, 561 
Elizabethkingia, 643 
Flavobacterium, 502, 506, 512-20 
Fusobacterium, 1017 
Leptospira, 305-6 
S -layer 

Flexibacter, 568 
Meiothermus, 805 
Snakes 
Borrelia, 257 
Elizabethkingia, 664 
Fusobacterium, 1017 
Sneathia, 957 

Sodium bicarbonate (NaHC03) 
utilization, Spirochaeta, 205 
Sodium carbonate (Na2C03) 
utilization, Spirochaeta, 205 
Sodium chloride requirement 
Aquifex, 929 
Fervidobacterium, 904 
Geotoga, 904 



Hydrogenobacter, 929 
Hydrogenobaculum, 929 
Hydrogenothermus, 929 
Marinitoga, 904 
Petrotoga, 904 
Propionigenium, 956 
Salinibacter, 712 
Thermocrinis, 929 
Thermonema, 723-24 
Thermosipho, 904 
Thermotoga, 904 
Sodium chloride sensitivity/ 
tolerance 
Bergeyella, 533 
Campylobacter, 121, 125-26 
Chryseobacterium, 472, 643, 662 
Cytophaga, 561 
Cytophagale, 563 
Elizabethkingia, 643, 662 
Flavobacteriaceae, 472 
Elavobacterium, 489, 496 
Helicobacter, 149-59, 162 
Herpetosiphon, 869 
Hymenobacter, 728 
Planctomyces, 111 
Salinibacter, 712 
Sphingomonads, 614, 616-17 
Ultramicrobacteria, 891 
Verrucomicrobium, 886 
Weeksella, 533 
Wolinella, 180 
Sodium chloride utilization 
Haliangium, 36, 91 
Myxococcus, 57 
Saprospira, 595 
Spirochaeta, 198, 205 
Sodium requirement 
Bacteroides, 383 
Flavobacteriaceae, 682 
Propionigenium, 955-58 
Psychroflexus, 682 
Salegentibacter, 682 
Spirochaeta, 205 
Soft tick, Borrelia, 235-38 
Soil environment 
Archangium, 36 
Bdellovibrio, 14-16 
Brachyarcus, 998 
Chondromyces, 36 
Chryseobacterium, 460, 638, 640, 
643, 645 

Corallococcus, 36 
Cystobacter, 36 
Cytophaga, 555, 560 
Cytophagale, 550, 552, 553, 557, 
576 

Elizabethkingia, 638, 640, 643 
Flavobacteriaceae, 470, 474 
Elavobacterium, 461, 486-88, 490, 
493, 495, 497, 519-20, 540-41 
Elexibacter, 553, 555 
Gemmata, 781, 782 
Herpetosiphon, 854-55, 858-59, 
862 

Hymenobacter, 712, 724-26 
Leptospira, 305 
Melittangium, 36 

myxobacteria, 36-37, 39-40, 48, 93 
Myxococcus, 36 
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Nannocystis, 36 
Naumanniella, 1006 
Opitutus, 882, 888-89 
Planctomycetales, 762, 764-65 
Polyangium, 36 
Saprospira, 592, 594 
Siderocapsa, 1005, 1006 
Siderococcus, 1006 
Sorangium, 36 
Sphingobium, 610, 612 
Sphingomonads, 613 
Sphingomonas, 610-12 
Sphingopyxis, 611 
Sporocytophaga, 555, 560 
Verrucomicrobia, 884 
Weeksella, 533 
Sorangicin, 92 

Sorangium, 36-37, 39, 42, 47, 49, 52, 
55-57, 59-63, 71, 73, 76-77, 80, 
82, 85-86, 88, 90 

Sorangium cellulosum, 36, 53, 56, 
59-60, 62, 64, 66, 76-79, 80-82, 
84, 90, 98 

Sorangium compositum, 32, 84, 90 
Sorangium nigrum, 90, 98 
Sorbitol utilization. See Alcohol 
utilization 

Sorbose utilization, Riemerella, 700 
Southern blotting 
Borrelia, 276 
Campylobacter, 124, 128 
Southern hybridization, Borrelia, 
254, 269-70 

Sparfloxacin, Bacteroides, 411 
Sparrow, Helicobacter, 142 
Spectinomycin, Bacteroides, 411 
Sphaerobacter thermophilus, 817 
Sphaerocytophaga, 561, 567, 581, 

709 

Sphaeromyxa, 567 
Sphaerotilus, 604, 986 
Sphaerotilus natans, 604 
Sphingans, Sphingomonads, 616-17, 
621 

Sphingobacterium, 39, 459, 482, 484, 
534, 539-45, 641, 652, 667 
Sphingobacterium spiritovorum, 482, 
540, 543-44, 713 
Sphingobium, 605-22 
Sphingobium chlorophenolicum, 

607, 610, 612. See also 
Sphingomonas chlorophenolica 
Sphingobium herbicidovorans, 607, 
610. See also Sphingomonas 
herbicidovorans 

Sphingobium yanoikuyae, 607, 610, 
612. See also Sphingomonas 
yanoikuyae 

Sphingomonads, 605-22 
applications, 621 
cultivation methods, 614 
ecology, 619-20 
genetics, 617-18 
genomics, 618-19 
identification procedure, 615 
isolation procedure, 613-14 
physiology, 615-17 
preservation methods, 615 
Sphingomonas, 510, 605-22 



Sphingomonas adhaesiva, 605, 607, 
610, 621 

Sphingomonas alaskensis, 607, 

609-11, 614, 617-19 
Sphingomonas aquatilis, 607, 

609-10, 613 

Sphingomonas aromaticivorans, 
606-7, 621 

Sphingomonas asaccharolytica, 605, 
607, 610 

Sphingomonas capsulata, 605, 607 
Sphingomonas chlorophenolica, 605, 
607 

Sphingomonas chungbukensis, 607, 
609-10 

Sphingomonas cloacae, 607, 609-10 
Sphingomonas echinoides, 606-7, 
610 

Sphingomonas elodea, 617 
Sphingomonas herbicidovorans, 
606-7 

Sphingomonas koreensis, 607, 

609- 10, 613 

Sphingomonas macrogoltabidus, 

605, 607 

Sphingomonas mali, 605, 607, 

610- 11 

Sphingomonas natatoria, 606-7, 610 
Sphingomonas parapaucimobilis, 
605, 607, 611, 621 
Sphingomonas paucimobilis, 482, 
605, 607, 610-11, 613-14, 
616-18, 620-21 

Sphingomonas pituitosa, 607, 609-10 
Sphingomonas pruni, 605, 607, 610 
Sphingomonas rosa, 605, 607 
Sphingomonas roseiflava, 607, 
609-10 

Sphingomonas sanguis, 605, 607, 

610, 621 

Sphingomonas stygia, 606, 607 
Sphingomonas subarctica, 606-7 
Sphingomonas suberifaciens, 606-7, 
610, 621 

Sphingomonas subterranea, 606-7 
Sphingomonas taejonensis, 608-10, 
613 

Sphingomonas terrae, 605, 607 
Sphingomonas trueperi, 606-7, 610 
Sphingomonas ursincola, 606-7. See 
also Blastomonas ursincola 
Sphingomonas wittichii, 607, 

609-10 

Sphingomonas xenophaga, 607, 
609-10, 619 

Sphingomonas yanoikuyae, 605, 607, 
619, 621 

Sphingopyxis, 605-22 
Sphingopyxis macrogoltabida, 607, 

611-12. See also Sphingomonas 
macrogoltabidus 

Sphingopyxis terrae, 607, 611. See 
also Sphingomonas terrae 
Spiramycin sensitivity, Riemerella, 
704 

Spirillum bipunctatum, 948. See also 
Thiospira bipunctata 
Spirochaeta, 195-208, 213, 215, 235, 
321-22 



Spirochaeta africana, 197-99, 201, 
204-6 

Spirochaeta alkalica, 197-99, 201, 
204-6 

Spirochaeta asiatica, 197-99, 201, 

204, 206 

Spirochaeta aurantia, 196-98, 203-7, 
216, 326 

Spirochaeta bajacaliforniensis, 
197-98, 204 

Spirochaeta caldaria, 195, 197-99, 
204, 206-7, 214-15, 320 
Spirochaeta gigantea, 591. See also 
Saprospira 

Spirochaeta halophila, 196-99, 

201-3, 205, 207, 214, 326 
Spirochaeta isovalerica, 197-98, 204, 
206, 208, 214 

Spirochaeta litoralis, 196-98, 202, 

204, 207 

Spirochaeta plicatilis, 195-98, 200, 

205, 208 

Spirochaeta smaragdinae, 197-98, 
204, 206 

Spirochaeta stenostrepta, 195-99, 
201-2, 204, 207, 214-15, 320, 326 
Spirochaeta thermophila, 197-99, 
204, 206-7 

Spirochaeta zuelzerae, 195-98, 204, 
206, 214-15, 322, 326 
Spirochete 
Brachyspira, 330-49 
symbiotic, 971-81 
termite gut, 318-27 
Spirochetosis, Brachyspira, 334, 345, 
348 

Spiromonas, 1001. See also 
Pelosigma 

Spiromonas cohnii, 1001. See also 
Pelosigma cohnii 
Spironema, 195, 197, 213, 235 
Spironema culicis, 197, 214 
Spirulina, 591 

Spirulina alba, 591. See also 
Saprospira 

Spirulina albida, 591. See also 
Saprospira 

Spirulina subsalsa, 714 
Spleen habitat 
Borrelia, 241 
Chlamydia, 747 
Cytophagale, 561 
Flavobacterium, 512-13 
Sponges, Planctomycetales, 763 
Sporangioles, myxobacteria, 39, 44, 
73-81, 83 

Sporocytophaga, 549, 555, 565, 567, 
569-70, 573, 576, 579 
Sporocytophaga cauliformis, 482-84, 
486-87, 489, 492, 505, 577 
Sporocytophaga ellipsospora, 559 
Sporocytophaga myxococcoides, 

549, 551, 559, 568-72, 574, 

579 

Squalene production, myxobacteria, 
63 

Squirrel habitat 
Borrelia, 237, 257 
Streptobacillus, 983 
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SSCR See Single-strand 

conformation polymorphism 
S system motility 
Flavobacterium, 499 
myxobacteria, 68-69 
Staining, Treponema, 211 
Staphylococcus, 84, 580 
Staphylococcus aureus, 256 
Staphylococcus epidermis, 580 
Starch hydrolysis 
Aequorivita, 467 
Arenibacter, 467 
Bacteroides, 384-86, 398 
Bergeyella, 467, 535, 649 
Capnocytophaga, 467 
Cellulophaga, 467 
Chryseobacterium, 467, 649 
Coenonia, 467 
Croceibacter, 467 
Cytophaga, 467, 539 
Cytophagale, 574, 579 
Elizabethkingia, 649 
Empedobacter, 467 
Flavobacterium, 467, 493-95, 542, 
543 

Fucobacter, 467 
Gelidibacter, 468, 469 
Haliscomenobacter, 604 
Herpeto siphon, 869 
Hymenobacter, 728 
Meiothermus, 802 
Mesonia, 468, 469 
Muricauda, 468, 469 
Myroides, 468, 469 
Opitutus, 891 

Ornithobacterium, 468, 469 
Pirellula, 780 
Polaribacter, 468, 469 
Psychroflexus, 468, 469 
Psychroserpens, 468, 469 
Rhodothermus, 715 
Riemerella, 468, 469, 649 
Salegentibacter, 468, 469 
Salinibacter, 733 
Saprospira, 599 
Tenacibaculum, 468, 469 
Thermus, 799 
Ultramicrobacteria, 891 
Ulvibacter, 468 
Vitellibacter, 468 
Weeksella, 469, 535 
Zobellia, 469 
Stella, 885 

Stenotrophomonas maltophilia, 372 
Stigmatella, 39, 43-44, 60, 64, 71, 73, 
81, 85-86, 89 

Stigmatella aurantiaca, 32, 34, 36-37, 
43, 49-53, 56, 63-64, 66, 72, 
75-77, 79-82, 84, 89 
Stigmatella erecta, 33, 36-37, 43, 63, 
66, 72, 16-11, 80, 84, 89 
Stigmatellin, 92 
Stool, Feces 
Streptobacillus, 957, 983-84 
Streptobacillus moniliformis, 983-84 
Streptococcus, 345, 580 
Streptococcus gordonii, 224 
Streptococcus mutans, 869 
Streptococcus pneumoniae, 752, 836 



Streptomyces, 769 
Streptomyces albus, 874 
Streptomyces ambofaciens, 926 
Streptomyces griseus, 865 
Streptomycin resistance/sensitivity 
Bacteroides, 411 
Cytophaga, 572 
Flavobacterium, 545 
Gemmata, 782 
Helicobacter, 153 
Rhodothermus, 721 
Riemerella, 704 
Salinibacter, 733 
Succinate production 
Bacteroides, 387-88, 390, 406, 414 
Capnocytophaga, 578, 710 
Flavobacterium, 509 
Porphyromonas, 428 
Spirochaeta, 204, 206 
Ultramicrobacteria, 891 
Wolinella, 180, 183, 186-87 
Succinate utilization, Organic 
acid utilization 
Sucrase, Brachyspira, 339-40 
Sucrose utilization. Di- and 
trisaccharide utilization 
Sugar fermentation 
Bacteroides, 382-83, 386-88, 413 
Brachyspira, 330 
Chloroflexus, 830 
Corallococcus, 49 
Cystobacter, 49 
myxobacteria, 49 
Pelobacter, 5 
Salinibacter, 733 
Spirochaeta, 200 
Stigmatella, 49 
termite gut spirochete, 325 
Thermotoga, 916 
Sulbactam, Bacteroides, 407 
Sulfamethazine sensitivity, 
Ornithobacterium, 705 
Sulfamethoxazole-trimethoprim 
resistance/ sensitivity 
Bergeyella, 534-35 
Weeksella, 534-35 
Sulfate production, Chlorobiaceae, 
368, 371 

Sulfate utilization, Chloroflexus, 831 
Sulfide oxidation 
Bacteroides, 383 
Chlorobiaceae, 364, 368-69, 
371-72 

Chloroflexus, 830, 831 
Oscillochloris, 830, 831 
Sulfide production, Propionigenium, 
957 

Sulfite sensitivity, Chlorobiaceae, 

368 

Sulfltobacter mediterraneus, 768 
Sulfltobacter pontiacus, 768 
Sulfolobus, 941 

Sulfonamides resistance/ sensitivity 
Chryseobacterium, 664 
Flavobacterium, 515, 518 
Ornithobacterium, 705 
Riemerella, 704 
Sulfur metabolism 
Achromatium, 941-46 



Bacteroides, 383 
Brachyarcus, 998-99 
Chlorobiaceae, 359, 364, 368, 371 
Chloroflexus, 831 
Hydrogenobacter, 934 
Hydrogenobaculum, 934 
Macromonas, 941-42, 946-47 
Thermus, 805 

Thiobacterium, 941-42, 945, 947 
Thiospira, 941-42, 947-48 
Thiovulum, 941-42, 948-52 
Sulfurospirillum, 119-20, 178 
Sulfurospirillum arcachonense, 120 
Sulfurospirillum arsenophilum, 120 
Sulfurospirillum barnesii, 120, 179 
Sulfurospirillum delyianum, 120, 179 
Sulfur-oxidizing eubacteria, 941-52 
Sulfur reducing 
Desulfuromonas, 5 
Spirochaeta, 204, 206 
Sulfur spring, Chlorobiaceae, 362 
Superoxide dismutase (SOD) 
Aquifex, 932 
Bacteroides, 391 
Campylobacter, 123 
Porphyromonas, 440 
Thermo leophilum, 846 
Thermomicrobium, 852 
Swamp environment 
Gallionella, 990 
Siderocapsa, 1005-6 
Siderocystis, 1006 
Swarms 

Cytophagale, 549, 554-55, 573 
Herpetosiphon, 854, 865-67 
myxobacteria, 31-35, 38-44, 48, 
70-72, 83 
Thiovulum, 949 
Swine 

Bacteroides, 382, 397 
Bergeyella, 533 
Brachyspira, 330-31, 334-35, 
345-49 

Campylobacter, 122 
Chryseobacterium, 645 
Coenonia, 695 
Fusobacterium, 1017-18 
Helicobacter, 140, 142, 155, 160 
Hymenobacter, 724, 726, 728 
Leptospira, 305, 307 
Riemerella, 701, 703 
Streptobacillus, 983 
Treponema, 212-13 
Weeksella, 533 

Synangium. See Chondromyces 
lanuginosus 
Synechocystis, 388 
Syphilis, 211-12, 224-26, 263, 277 



T 

Tamarin, Helicobacter, 142, 163 
Taq polymerase 
Chloroflexus, 836 
Thermus, 809 

Taxeobacter, 41, 549-50, 555, 567, 
576, 578, 713, 724-26, 728-29 
Taxeobacter chitinovorans, 726 
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Taxeobacter gelupurpurascens , 
725-26 

Taxeobacter ocellatus, 552, 565, 572, 
726 

Tazobactam resistance/ sensitivity 
Bacteroides, 407 
Chryseobacterium, 668 
T cells, Porphyromonas, 431, 441-44 
Temperature tolerance 
Aequorivita, 467, 683 
Aquifex, 929 
Aquificales, 925 
Arenibacter, 467, 683 
Bacteroides, 395-96 
Bergeyella, 467, 534-35, 648 
Borrelia, 271 
Brachyarcus, 998-99 
Brachyspira, 346 
Campylobacter, 121-22, 124 
Capnocytophaga, 467 
Cellulophaga, 467, 683 
Chlorobiaceae, 364 
Chloroflexus, 819 
Chloronema, 819 
Chryseobacterium, 467, 647, 648, 
656 

Coenonia, 467 
Croceibacter, 467, 683 
Cytophaga, 467, 683 
Cytophagale, 565 
Elizabethkingia, 647, 648 
Empedobacter, 467, 633 
Eervidobacterium, 904 
Flavobacteriaceae, 466, 472, 682 
Elavobacterium, 467, 484-87, 489, 
491, 493, 494-97, 502-3, 515, 
519, 543-44 
Eormosa, 683 
Eucobacter, 467 
Eusobacterium, 1023 
Gallionella, 990 
Gelidibacter, 468, 683 
Gemmata, 781 
Geotoga, 904 
Gillisia, 683 

Helicobacter, 141, 143, 150-66 
Heliothrix, 819 
Herpetosiphon, 859-60, 869 
Hydrogenobacter, 929 
Hydrogenobaculum, 929 
Hydrogenothermus, 929 
Hymenobacter, 712 
Isosphaera, 786 
Leptospira, 297 
Maribacter, 683 
Marinitoga, 904 
Meiothermus, 805 
Mesonia, 468, 683 
Muricauda, 468, 683 
Myroides, 468, 633 
myxobacteria, 82 
Ornithobacterium, 468 
Oscillochloris, 818, 819 
Petrotoga, 904 
Planctomyces, 111 
Polaribacter, 468, 683 
Porphyromonas, 440 
Psychroflexus, 468, 683 
Psychroserpens, 468, 683 



Rhodothermus, 712, 721-22 
Riemerella, 468, 648, 699 
Robiginitalea, 683 
Roseiflexus, 819 
Salegentibacter, 468, 683 
Salinibacter, 733 
Saprospira, 592, 595-96 
Sphingomonads, 614 
Sphingomonas, 617 
Spirochaeta, 197-204 
Sporocytophagas, 559 
Tenacibaculum, 468, 683 
Thermocrinis, 928, 929 
Thermoleophilum, 844 
Thermomicrobium, 850-51 
Thermonema, 712 
Thermosipho, 904 
Thermotoga, 904, 907 
Thermus, 805 
Toxothrix, 986-88 
Ultramicrobacteria, 891 
Ulvibacter, 468, 683 
Verrucomicrobium, 886 
Victivallis, 894 
Vitellibacter, 468, 683 
Weeksella, 468, 534-35, 544 
Wolinella, 180 
Zobellia, 468, 683 
Zoogloea, 962 

Tenacibaculum, 456, 462, 466-69, 
481, 679 

Tenacibaculum amyloliticum, 458, 
462, 679-80 

Tenacibaculum cellulophagum, 458 
Tenacibaculum maritimum, 458, 462, 
472, 501, 515, 679-81, 687, 697 
Tenacibaculum mesophilum, 458, 
462, 679-80 

Tenacibaculum ovolyticum, 458, 462, 
679-81, 687 

Tenacibaculum skaggerakense, 
679-80, 683 

Terminal restriction fragment length 
polymorphism (T-RFLP), 
Elavobacterium, 506 
Termite gut spirochete, 318-27 
isolation procedure, 322-25 
phytogeny, 320-22 
Termites 
Bacteroides, 382 
Blattabacterium, 465 
Clevelandina, 915, 977-78 
Diplocalyx, 975, 979 
Hollandina, 975, 979 
Pillotina, 975, 978, 979 
spirochetes, symbiotic, 974-75, 981 
termite gut spirochete, 318-27 
Treponema, 212-13, 215 
Tern, Helicobacter, 155 
Tetracycline resistance/sensitivity 
Bacteroides, 406, 409-10 
Bergeyella, 534-35 
Borrelia, 211 
Capnocytophaga, 581 
Chlamydia, 747-48, 750 
Chryseobacterium, 667, 668 
Cytophagale, 581 
Elizabethkingia, 667, 668 
Elavobacterium, 514-15 



Helicobacter, 162, 167 
Hymenobacter, 728 
Leptospira, 307 
Myroides, 633 
Ornithobacterium, 705 
Porphyromonas, 432-33 
Rhodothermus, 721 
Riemerella, 704 
Salinibacter, 733 
Weeksella, 534-35 
Tetrathionate reducing, 
Chlorobiaceae, 368 
Thermocrinis, 925-30 
Thermocrinis albus, 926-27, 929-31 
Thermocrinis ruber, 926-31, 934 
Thermofilum pendens, 926 
Thermoleophilum, 843-47 
Thermoleophilum album, 843-47, 
850 

Thermoleophilum minutum, 843-47 
Thermomicrobium, 815, 844, 849-52, 
874 

Thermomicrobium roseum, 798, 
806-7, 817, 849-52 
Thermonema, 722-24 
Thermonema lapsum, 713, 722-24 
Thermophile 
Aquificales, 925, 934 
Aquificales, 899 
Chloroflexus, 815, 820-22, 828, 
835-36 

Hydrogenobacter, 930 
Isosphaera, 764, 784-85 
Marinithermus , 801 
Oceanitherums, 807 
Pirellula, 778 

Rhodothermus, 712, 714-15 
Thermocrinis, 928 
Thermoleophilum, 843-44, 847 
Thermomicrobium, 849-50 
Thermonema, 722-23 
Thermotoga, 899-900 
Thermotogales, 899-900, 902 
Thermus, 797-98, 799 
Vulcanitherums, 801 
Thermosipho, 899, 903, 906, 914 
Thermosipho africanus, 901-6, 908 
Thermosipho geolei, 901-5, 915 
Thermosipho japonicus, 901-5 
Thermosipho melanesiensis, 901-5 
Thermosphaera aggregans, 902, 926 
Thermotoga, 112, 844, 899, 902, 907, 
914-16 

Thermotoga elfii, 901-2, 904-5, 908 
Thermotoga hypgea, 901-2, 904-5 
Thermotogales, 899-917 
Thermotoga lettingae, 901-2, 904-5 
Thermotoga maritima, 899-902, 
904-8, 914-17, 926 
Thermotoga naphthophila, 899-902, 
904-5 

Thermotoga neapolitana, 899-902, 
904-5, 908, 914-16 
Thermotoga petrophila, 899-902, 
904-5 

Thermotoga subterranea, 901-2, 
904-5, 914 

Thermotoga thermarum, 900-902, 
904-5, 908 
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Thermovibrio rubrum, 926 
Thermus, 772, 797-807, 809, 851 
Thermus antranikianii, 797-99 
Thermus aquaticus, 797-99, 801-2, 
804, 807, 809, 850 
Thermus brockianus, 797-99, 801 
Thermus filiformis, 797-99, 804, 806 
Thermus igniterrae, 797-99 
Thermus oshimai, 191-99 
Thermus rossianum, 722-24 
Thermus ruber, 801. See also 
Meiothermus ruber 
Thermus scotoductus, 797-99, 801-2, 
804-6 

Thermus thermophilus, 713, 797-99, 
802-5, 807 

Thiamine requirement 
Cytophagale, 565 
Haliscomenobacter, 604 
Leptospira, 299 
myxobacteria, 56 
Thiobacillus, 941, 943 
Thiobacterium, 941-42, 945, 947 
Thiobacterium bovista, 942, 947 
Thiocapsa, 823 
Thiocystis violacea, 998, 1001 
Thiodendron mucosum, 947. See 
also Thiobacterium bovista 
Thiomicrospira, 941 
Thiopedia rosea, 371 
Thiophysa macrophysa, 945. See 
also Achromatium volutans 
Thiophysa volutans, 945. See also 
Achromatium volutans 
Thioploca, 941 
Thiospira, 941-42, 947-48 
Thiospira bipunctata, 942, 948 
Thiospira winogradskyi, 942, 948 
Thiospirillum wino grads kii, 948. See 
also Thiospira winogradskyi 
Thiosulfate oxidation, Meiothermus, 
805 

Thiosulfate reducing 
Chlorobiaceae, 368, 372 
Spirochaeta, 204, 206 
Thiosulfate utilization, Chloroflexus, 
831 

Thiothrix, 941 
Thiovulum, 941-42, 948-52 
Thiovulum majus, 949 
Thiovulum minus, 949. See also 
Thiovulum majus 
Thiovulum muelleri, 949. See also 
Thiovulum majus 
Thiovulumspora, 998 
Threonine pathway, Leptospira, 298 
Threonine utilization 
Fuso bacterium, 1022 
Saprospira, 599 
Thrombin production, 
Porphyromonas, 435 
Tick-borne relapsing fever, Borrelia, 
237-38, 240, 242, 260-62 
Tick habitat 
Babesia, 279 

Borrelia, 235-36, 239-42, 252, 
264-66, 269-75, 279 
Tiger habitat, Helicobacter, 151, 

161 



Tobramycin resistance, 

Flavobacterium, 490-91, 545 
Tomato plant habitat, 
Flavobacterium, 487 
Tongue, Porphyromonas, 430 
Tonsils, Porphyromonas, 430 
Torulopsidosira filamentosa, 785 
Toxothrix, 986-89 
Toxothrix ferruginea, 986. See also 
Toxothrix trichogenes 
Toxothrix trichogenes, 986-88 
Trachoma, Chlamydia, 741, 746, 
748-49 

Transposon mutagenesis 
Bacteroides, 392-94, 411 
Elizabethkingia, 663 
Flavobacterium, 510 
myxobacteria, 67 
Porphyromonas, 440 
Sphingomonads, 618 
Trees. See also specific trees 
Sphingomonas, 610 
Trehalose production, Myroides, 635 
Trehalose utilization. See Di- and 
trisaccharide utilization 
Treponema, 195, 197, 211-27, 235, 
244, 255, 320-22 

Treponema amylovorum, 213-14 
Treponema brennaborense, 213-14, 
216, 222 

Treponema bryantti, 213-14, 326, 

345 

Treponema calligyrum, 214 
Treponema carateum, 211-12, 217 
Treponema denticola, 197, 213-14, 
217, 220, 222-24, 326, 342, 412, 
428 

Treponema hyodysenteriae. See 
Brachyspira hyodysenteriae; 
Brachyspira innocens 
Treponema lecithinolyticum, 213-14, 
219-20 

Treponema maltophilum, 213-14, 
217, 219-20, 222 

Treponema minutum, 212-13, 222 
Treponema pallidum, 197, 211, 214, 
216-18, 223-26, 244, 246, 249, 
261, 301, 326, 342, 713 
Treponema pallidum endemicum, 
211-12, 217 

Treponema pallidum pallidum, 
211-12, 215-18, 223 
Treponema pallidum pertenue, 
211-12, 214, 216-17, 226 
Treponema paraluis-cuniculi, 211, 
111 

Treponema parvum, 213-14, 220 
Treponema pectinovorum, 214, 220, 
326 

Treponema phagedenis, 212-14, 217, 
220, 222-23 

Treponema refringens, 212-14, 
222-23 

Treponema saccharophilium, 

213-14, 971 

Treponema skoliodontum, 213 
Treponema socranskii, 213-14, 220, 
224 

Treponema socranskii buccale, 220 



Treponema socranskii paredis, 220 
Treponema socranskii socranskii, 
220 

Treponema succinifaciens, 213-14, 
326, 345 

Treponema vincentii, 213-14, 217, 
220, 222, 224 

Treponema ZAS-1, 322-26 
Treponema ZAS-2, 322-26 
Treponema ZAS-9, 322-26 
Tributyrin hydrolysis, 

Herpeto siphon, 869 
Tricarboxylic acid cycle 

Chlorobiaceae, 368-69, 372-73 
Chloroflexus, 830 
Leptospira, 298 
myxobacteria, 59 
Thermoleophilum, 847 
Trichiasis, Chlamydia, 741, 748 
Trichome, Toxothrix, 986-89 
Trihydroxybenzenoids utilization, 
Pelobacter, 5, 7-8 

Trimethoprim sensitivity/tolerance 
Campylobacter, 123 
Chryseobacterium, 667 
Elizabethkingia, 667-68 
Helicobacter, 153, 163 
Myroides, 633 
Ornithobacterium, 705 
2,3 ,5 -Triphenyltetr azolium chloride 
reduction, Helicobacter, 150, 
152-53, 156, 162 

Trospectomycin, Bacteroides, 411 
Trout 

Chryseobacterium, 663-64 
Cytophagale, 561 
Elavobacterium, 502, 509, 512-17 
Trovafloxacin, Bacteroides, 407-8, 
411 

Trypanosoma balbiani, 971. See also 
Cristispira pectinis 
Trypticase soy broth agar (TSB 
agar) 

Capnocytophaga, 562, 563-64, 
709-10 

Chryseobacterium, 646-47, 662 
Coenonia, 696, 699 
Elizabethkingia, 653, 662 
Empedobacter, 632 
Flavobacterium, 489-90, 494-95 
Myroides, 632 
Ornithobacterium, 696 
Riemerella, 696, 699 
Sphingomonads, 615 
Thermomicrobium, 850 
TSB agar. See Trypticase soy broth 
agar 

Tumor necrosis factor-a (TNF-a) 
Chlamydia, 746 

Porphyromonas, 434, 438, 442-43, 
446-47 

Tumors, Bacteroides, 402 
Turbot habitat, Chryseobacterium, 
663-64 

Turkey habitat 
Borrelia, 279 
Chlamydia, lAl 

Ornithobacterium, 462, 695-96, 
703-5 
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Riemerella, 695, 703-4 
Streptobacillus, 983 
Turneria, 294 
Turneria parva, 294 
Turtle habitat 

Chryseobacterium, 646 
Elizabethkingia, 664 
Tween 

Aequorivita, 685 
Bergeyella, 649 
Chryseobacterium, 649 
Elizabethkingia, 649 
Psychroserpens, 683 
Riemerella, 649 
Thermus, 799 
Tween utilization 
Bergeyella, 535 
Elavobacterium, 494-95 
Leptospira, 299 
Weeksella, 535 
Tylosin, Brachyspira, 349 
Typhlitis 

Brachyspira, 345, 347-48 
Helicobacter, 159 
Tyrosine hydrolysis 
Bergeyella, 649 
Chloroflexus, 831 
Chryseobacterium, 649 
Elizabethkingia, 649 
Myroides, 633 
Riemerella, 649 



u 

Ubiquinol, Aquifex, 932 
Ubiquinone 
Novosphingobium, 609 
Sphingobium, 609 
Sphingomonads, 615 
Sphingomonas, 605, 609 
Sphingopyrix, 609 
Ultramicrobacteria, 881, 888-92 
Ulvibacter, 456, 463, 466, 471, 481 
Ulvibacter litoralis, 458, 463, 467-68, 
679 

Ungulates. See also specific 
ungulates 
Terponema, 222 
Urea degradation 
Bergeyella, 649 
Chryseobacterium, 649 
Elizabethkingia, 649 
Elavobacterium, 494-96, 542 
Riemerella, 649 
Verrucomicrobium, 887 
Urease activity 
Aequorivita, 467, 685 
Arenibacter, 467, 685 
Bergeyella, 467, 534, 535 
Campylobacter, 121, 125-26 
Capnocytophaga, 467 
Cellulophaga, 467, 685 
Chryseobacterium, 467, 656, 701 
Coenonia, 467, 701 
Croceibacter, 467, 685 
Cytophaga, 467, 685 
Empedobacter, 467, 633 
Elavobacterium, 467, 543-44 



Eormosa, 685 
Eucobacter, 467 
Gelidibacter, 468, 469, 685 
Gillisia, 685 

Helicobacter, 139, 141, 143, 148-67 
Herpetosiphon, 869, 871 
Maribacter, 685 
Mesonia, 468, 469, 685 
Muricauda, 468, 469, 685 
Myroides, 468, 469, 633 
Ornithobacterium, 468, 469, 701-2 
Pasteurella, 701 
Polaribacter, 468, 469, 685 
Psychrofiexus, 468, 469, 685 
Psychroserpens, 468, 469, 685 
Riemerella, 468, 469, 701 
Robiginitalea, 685 
Salegentibacter, 468, 469, 685 
Tenacibaculum, 468, 469, 685 
Ulvibacter, 468, 685 
Vitellibacter, 468, 685 
Weeksella, 469, 534, 535, 544 
Zobellia, 469, 685 
Urease production, 

Verrucomicrobium, 887 
Urethritis, Chlamydia, 751 
Urine 

Borrelia, 241 
Empedobacter, 631 
Elavobacterium, 541 
Leptospira, 305, 307, 310 
Myroides, 631 
Sphingomonas, 610-11, 621 
Streptobacillus, 983 
Weeksella, 463, 533 
Urogenital disease. Chlamydia, 
749-51 

Urogenital tract 
Campylobacter, 122 
Chlamydia, 746-47, 749-51 
Uterine mucosa, Campylobacter, 

122 

U-tube method. Treponema, 221 
UV light resistance, myxobacteria, 
82 



V 

Vaccines 

Chlamydia, 746 
Coenonia, 703 

Elavobacterium, 503, 514-15, 518 
Leptospira, 308-9 
Ornithobacterium, 706 
Porphyromonas, 439 
Riemerella, 705 
Valine fermentation 
Chloroflexus, 831 
Leptospira, 298 
Saprospira, 599 
Spirochaete, 206, 208 
Vancomycin resistance/sensitivity 
Campylobacter, 123 
Chryseobacterium, 667-68 
Elizabethkingia, 667-68 
Eusobacterium, 1020 
Hymenobacter, 728 
Leptospira, 304 



myxobacteria, 42 
Thermonema, 724 
Vegetative cell 
Cytophagale, 576 
myxobacteria, 31-32, 42, 51, 
57-60, 65-67, 16-11, 80, 82, 

84 

Veillonella, 1021 
Veillonella alcalescens, 955 
Veillonella parvula, 955 
Verrucomicrobia, 881-94 
Verrucomicrobium, 881-82, 885-88 
Verrucomicrobium spinosum, 
881-82, 885, 887 
Verruco spinostum, 759 
Viable counting, myxobacteria, 
50-51 

Vibrio cholera, 131 
Vibrio coli. See Campylobacter coli 
Vibrio fetus. See Campylobacter 
fetus 

Vibrio jejuni. See Campylobacter 
jejuni 

Vibrio parahaemolyticus, 17-18 
Vibrio succinogenes. See Wolinella 
succinogenes 
Victivallis, 881, 893-94 
Victivallis vadensis, 881, 883, 893-94 
Virulence factors 
Bacteroides, 400-406 
Leptospira, 307-8 
Porphyromonas, 433-39 
Vitamin B 12 requirement 
Bacteroides, 383, 390 
Chlorobiaceae, 361, 367 
Haliscomenobacter, 604 
myxobacteria, 56 

Vitellibacter, 456, 463, 466, 471, 481, 
685 

Vitellibacter vladivostokensis, 463, 
467-68, 679-80, 697 
Vitreoscilla, 855 
Vulcanitherums, 797, 807-9 
Vulcanitherums mediatlanticus, 798, 
808-9 



w 

Weeksella, 456, 463, 466, 470, 473, 
488, 532-36, 539-45, 632, 641, 
645, 655 

Weeksella virosa, 458, 463, 468-69, 
471, 532-33, 535-36, 540-41, 
543-44, 639, 641, 657, 664, 680, 
697 

Weeksella zoohelcum. See 
Bergeyella zoohelcum 
Weils disease, Leptospira, 294, 305 
Well environment 
Gallionella, 990 
Naumanniella, 1006 
Siderobacter, 1006 
Siderocapsa, 1005 
Siderocapsaceae, 1007 
Well-plate method. Treponema, 

221 

Western blot, Borrelia, 257 
Whale, Helicobacter, 165 



Index 1073 



Wolbachia pipentis, 893 

Wolinella, 119-20, 178-88 

Wolinella curva. See Campylobacter 
curvus 

Wolinella rectus. See Campylobacter 
rectus 

Wolinella succino genes, 178-88 

Woodchuck, Helicobacter, 142, 
164-65 

Wood environment 
Chondomyces, 36 
Corallococcus, 36 
Haploangium, 36 
myxobacteria, 36-37, 40 
Myxococcus, 36 
Sorangium, 36-37 
Stigmatella, 36-37 

X 

Xanthomonas, 605 

Xanthomonas amaranthicola, 874 



Xanthomonas oryzae, 17, 26 
Xiphinematobacter, 881, 892-93 
Xiphinematobacter americani, 883, 
893 

Xiphinematobacter brevicoli, 883, 
893 

Xiphinematobacter rivesi, 883, 

893 

Xylan degradation 
Flavobacteriaceae, 470 
Flavobacterium, 501, 520 
Herpetosiphon, 869 
myxobacteria, 84 
Opitutus, 891 
Rhodothermus, 715, 722 
Spirochaeta, 207 
Ultramicrobacteria, 891 
Xylan utilization, Bacteroides, 
384-86, 398, 414 
m-Xylene catabolism, 
Sphingomonads, 619 
Xylose utilization. See 

Monosaccharide utilization 



Y 

Yaws, 211-12, 224-26 
Yeast extract 
Fusobacterium, 1023 
Propionigenium, 957 
Thermomicrobium, 850 

z 

Zobellia, 456, 463, 466, 468-69, 471, 
481, 484, 679, 683 
Zobellia galactanivorans, 458, 463, 
679-80, 688, 697 
Zobellia uliginosa, 463, 679-81 
Zoogloea, 960-68 
Zoogloea filipendula, 960, 963, 
965-66 

Zoogloeal matrix 
Caulococcus, 997 
Zoogloea, 960-63, 966 
Zoogloea ramigera, 960-68 



